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EEPORT 



To the President and Directors of the Illinois and St. Louis Bridge 
Company ; 

Gentlemes — I Iwve the honor to submit ilie following report of 
the operations of the engineering department of jour Company. 

la view oE the great importance oE your oiitorprise, the deep 
interest manifested in it by our citiiena and the public generally, 
and hecauso the plans adopted by you have been frequently misre- 
preeented and unfairly criticised, I have deemed it proper that 
everything of interest connected with my department should be 
placed in such form as to be clearly understood, not alone by your 
stockholders, but also by every person of ordinary intelligence in 
the community. I have, therefore, endeavored Lo explain the plan 
of structure, the principles involved in its consti"uction, and the 
reasons for its preference, in the simplest language I can command, 
and with an avoidance, aa far as possible, of the use of all techni- 
calities not understood by every one. At the same time, you will 
be furnished, in an appendix, with all the scientific data, principles 
and formuiiE involved in investigating and calculating the various 
strains to which each and every part of the Bridge ia liable to be 
subjected. These arc so arranged, together with the results deduced 
therefrom, as to furnish to the most critical and scientific engineer, 
the materials in convenient form whereby he mav be able with great 
economy of labor, to investigate the correctness of every step that 
I propose to take in constructing your Bridge. 

Fully estimating the great responsibility assumed in undertaking 
lo design and complete this important work, I have felt that in no 
way could I so certainly insure a successful result, and at the same 
time manifest my appreciation of the obligation imposed upon me, 
as by securing the aid of the ablest talent, in every department of 
the work, and proving by careful experiment as far aa possible, 
everything connected with it that has not been already fully dem- 
onstrated in practice, so that when the whole is finally consummated. 



you can leel assured no step was taken that was not w*;ll conside: 
with due regard to tho saEoty. durability, and economy of 
structure. 

The mathematical investigations and calculations for the Brit _ 
were confided to my chief aasiatant, Col. Henry F! ad, C. E., and I 
ia this laborious duty ho has been faithfully and efiiciently aided by I 
Mr. Ohaa. Pfeifer, C E. Several months ot paiicnt labor have been ■ 
spent by these' gentlemen in the investigation of tha arch with span- 
drel bracings, the ribbed arch with pivoted end? (as ia the Coblenta 
bridge), and with fixed ends, and of various depths. After careful 
revision by Col. Flad, the results obtained from t;mo to time were I 
submitted to me ; and, finally, to guard against any possible error i 
in the application of the principles upon which the investigations 
were made, or in the results arrived at, they were referred by me 
to the patient analysis and careful examination of Chancellor W. 
Chauvenet, LL. D.,of the Washington Uuiversity, formerly Prof ess or 
of Mathematics in the U. S. Naval Academy at Annapolis. His 
certificate, affirming their correctness in every particular, will be 
found appended to this report. For the interest this gentleman 
has taken in the enterprise, for the care bestowed in examining 
and verifying the scientific data required for the work, and for 
many valuable suggestions and simplifications in the investigation, 
I feel imder many obligations. 

It gives me great pleasure also to state in this connection that 
Chancellor Chauvenet, whose eminent ability as a mathematician is 
known and acknowledged throughout Europe as well as America, 
accords high praise to Col, Flad, and also to Mr. Pfeifer, for the 
correctness and ability shown by them in discharging the important 
duty confided to them. 

LOCATION. 

As the cost of the Bridge, its revenues, and the public convenience 
are greatly affected by the location of the structure, I have given 
this subject the utmost consideration. To aid me in the solution 
of this important question, I called to my assistance, with your 
permission, Mr. B. B. Lewis, C, E., a gentleman of great experi- 
ence and high reputation as a locating engiueer, and for manyyears 
in the service of the Pennsylvania Railroad. He is now President 
of the Broad Top Railroad and Consulting Engineer of the St. 
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Louis and Vandalia Railroad. For his valuable aid and advice I 
feel greatly indebted. Hia opinion, and that of my entire corps 
of Bsaistanta, after a thorough examination of the suhject, was 
unqualifiedly in favor of the location at Washington avenue, which 
location was formally adopted by tho Board of the St. Louis and 
Elinois Bi'iilga Company, and, since the consolidation of tha two 
companies, by the Board of the consolidated Company also. 

When considered with reference to the cost of the structure, tho 
location at Washington avenue commends itself, because at this 
point the river is narrower than at any other place opposite the city. 
It is nearly two hundred feet less than at the location selected for the 
bridge designed to bo built by Mr. Boomer, and is 580 feet less 
than at Venice (opposite the northern part of tho city), where 
the location has been urged as more suitable for railroad purposes. 
As the Bridge proper must at either of those two places be longer 
than at Washington avenue, and as there can bo no saving in the 
cost of its approaches or foundations at either locality over the one 
selected for it, either one of those locations if selected, would result 
in an inevitable increase in the cost of the Bridge. I am not un- 
mindful of the fact that the cost of the tunnel, in connection with 
the location at Washington avenue, is advanced as an objection to 
this selection. 

The location selected for Mr. Boomer's bridge, a few blocks above 
Washington avenue, contemplated the running of steam trains across 
Broadway and other groat thoroughfares and out through Cass avenue. 
The tunnel is no more a necessity at Washington avenue than at the 
latter location. A grade of thirty feet to the mile would bring the 
trains from tho centre of the centre span on your Bridge to the level 
of Washington avenue at Third street; and our citizens would be 
just aa likely to permit them to traverse that avenue abovo ground 
as they would the route designed for them at the other location. It 
is preposterous to believe that the city would permit steam trains to 
pass over either route above ground, both being through portions of 
tho city densely populated, and both crossing the same groat thor- 
oughfares. At either location a tunnel is a necessity for unob- 
structed railway traffic. A tunnel in connection with the Boomer 
location would necessarily be longer than at Washington avenue, 
and would therefore cost more. As the cost of your tunnel can not 
exceed ^400,000, and as the Company will be entitled to charge 
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tolls on trains passing through it, that part of jour investment must 
prove profitable, ami is therefore unobjectionable. 

Washington avenue ia the contrc of population of tlie city oE St. 
Louis. It is a spacious anil elegant avenue, dividing the city into 
two nearly equal portions of territory. The city front on tho river 
extends threo and threo-([uarter miles below the foot of this avenac 
and three and one-quartor miles rtbove it, thus nearly equally dividing 
the seven miles of wharf or river front that forms the eastern boun- 
dary of your city. The grades upon this avenue are of tho gentlest 
character, from its western end to Third street. From this point 
the carriago-way of the Bridgo will form a continuation of tho 
nvenuo to Third street in East St. Louis. In the latter city the 
eastern approach to the Bridge will commence at the intersection of 
Crooks and Third streets. VcUides starting in East St. Louis on 
Crooks street at Fourth, to cross the Bridge, will roach the top of 
the eastern abutment by ascending a grade of but five feet riso in 
one hundred. After crossing tlio Bridge to tho western abutment, 
the grade of the carriage-way is perfectly level to tho Intorseclion 
of Third street Jn St. Louis. Here the wide and level avenue will 
form a most convenient outlet for the vast tide of travel constantly 
crossing the Mississippi. Tho intersection of Washington avenue 
by streets at right angles to it, every three hundred foot, will greatly 
facilitate the exit and entrance of teams and passengors from and 
on to the Bridge. Two of these streets (Fourth aTid FiftJi) are oacU 
80 feet wide. 

The earriage-way of tho Bridge will be of sufficient width (34 
feet) to accommodate two vehicles going abreast in each direction, 
and will have a double track for horse railways laid through its 
centre. Ou each side of the carriage-way will bo a foot-path eight 
feet wide for pedestrians. Convenient stairways will be provided on 
the wharf on each side of the river, and at'Main anil Second stroets, 
for entrance to and exit from tho Bridge. 

When wo consider that one-half of tho people of St. Louis reside 
north, and the remainder south., of Washington avenue; that it 
divides the territory of tho city into two nearly equal portions, and 
that teams and passengers can enter and leave the Bridge with snob 
ease at either end of the structure, I think no one will deny that this 
location is an excellent one so far as its revenues can be affected by 
local travel and traffic. 
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The depot or depots for freight to be received at or shipped from 
St. Louis must, because of the greater cheapness of the ground 
required, be located on the opposite shore. Nowhere on this side, 
within a reasonable distance of the business centre of your city, 
could the requisite quantity of land for a great union freight 
depot be obtained except at immense cost. Opposite the city, 
and near the eastern terminus of the Bridge, however, this need 
can be supplied at a comparatively moderate price. The Bridge and 
its approaches being less than three-quarters of a mile long, and 
having its western terminus in the very heart of the business quarter 
of St. Louis, it follows that by this location, and the establishment 
of freight depots near the eastern terminus of the Bridge in Dlinoia, 
goods can be carted wittiin more moderate and convenient distances 
from or to the depots on the other side and the warehouses in St. 
Louis, tdan would be possible by any other location. 

When the location is considered with reference to expediting and 
cheapening the transportation of through freights and passengers 
arriving and departing by any of the ten railroads that are now to 
be provided with such facilities by this Bridge, it becomes appa- 
rent that allocation that is not central can only benefit some few of 
them, at the expense of the others. The roads which are now con- 
structed from the East all converge to a space not one mile in 
extent, on the opposite shore, and their termini are all nearly oppo- 
site the centre of the city. From the western end of the Bridge, 
at Washington avenue and Third street, a tunnel 5,000 feet long 
will extend under Washington avenue and Eleventh street, connect- 
ing the railway tracks on the Bridge with the low grounds forming 
the bed of the old Chouteau pond, on which the Pacific track is 
laid. The North Missouri, the Southwest Pacific, and the Iron 
Mountain roads, can all be brought through the valley hj which 
tiie Pacific road reaches the site of the Chouteau pond, at a mod- 
erate coat; and the erection of a union passenger depot near the 
end of the tunnel will enable all four of the Missouri roads to 
receive from, and exchange passengers with the roads on the 
Ulinoia shore, whoso trains can all be run into this depot, where 
they will receive and deposit their passengers and baggage. 
Through the tunnel and the Bridge the freight trains from Mis- 
souri can be taken to the union freight depot in East St. Louis, 
and there receive, discharge, or exchange their cargoes. Of course. 



the estabiishmeiit of these two anion depots for freight und p; 
gera will not prevent the several roads from having each other depots 
aB they may find useful. The union depots wiil bo required chieflj 
to facilitate the rapid and cheap transfer of freights, passengers, 
and baggage from one road to another. 

I am aware that many persons maintain that facilitating the 
transfer of freights and passengers will cause our people to lose 
the profit that arises from hauling them from depot to depot, 
and in entertaining the passengers at our hotels and boarding 
houses. This policy is so short-sigbted as scarcely to need notic- 
ing. The great struggle now being made by bo many rival lines 
and cities for the trade of the West, should admonish us that unless 
we too offer inducements on the score of economy, convenience, and 
dispatch, we can scarcely hope to maintain what we now have. Let 
us secure this trade by expediting it in every way in our power, and 
by lessening the burdens with which it is now taxed. The marvel- 
ous rapidity with which it will then multiply on our hands will give 
our people greatly increased profit and employment. 

In deference to the views of railroad gentlemen of great experi- 
ence, I caused Burveys and examinations to be made to determine 
the propriety of locating the Bridge at the northern part of the city, 
opposite the town of Venice. 

It was asserted that at this locality the bed rook of tho river 
formed the bottom of the channel, and that the piers could be 
cheaply and readily erected on it. Borings made by me near the 
niinoia shore, to ascertain the truth of this assertion, prove liie 
rock to bo overlaid with 60 feet cf sand. On the Missouri side, 
examinations made by the Board of Water Commissioners show the 
rock to he 30 feet below tho sand. Borings made by the late Mr. 
Homer, City Engineer, by Colonel Bissell, C. E., and by myself, 
at varions places between the one in question and Washington 
avenu£, leave no reason to doubt that tho rock there slopes with 
the same regularity from west to east that we know it does at other 
localities in this harbor, and is nearly or quite aa far below the 
surface as at Washington avenue. 

The river at that point being much wider than at Washington 
avenue, tho erection of a bridge there would involve the neces- 
sity of more piers, and a greater length of superstructure. Tbe 
extensivo plateau on this side, scarcely above the city directrix, 
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would require the construction o£ au expensive approacli of from 
1,500 to 2,000 feet, according to tlie grade, wljile it would not be 
possible to connect with any Missouri road, except tho North Mis- 
souri, without the construction o£ several miles 'of road, exteniliiig 
through the public streets of North St, Louis, and thence bj a cir- 
cuitous and expensive route back of the city to the Pacific roail. 
From Rocky Branch, in the extreme northern part of St. Louis, 
to the valley hal£ a mile south of Washington avenue, through 
which the Pacific road comes in, there extends an almost unbroken 
ridge or plateau, varying from 75 to 125 feet above the level of 
the Pacific track at Eleventh street. This ridge would interpose 
expensive difficulties in connecting the structure with any Missouri 
road except the North Missouri. In Elinois, only the twtr roads 
coming in from the northeast could use the Bridge advantageously 
when connecting with the North Missouri. A briilge thus located 
could only bo used by the Missouri Pacific, the Southwest Pacific, 
and Iron Mountain, on this side, by the construction of an expen- 
sive piece of road of three or four miles in length ; and in con- 
necting those roads with the Ohio and Mississippi, the Vandalia 
road, the Belleville, and the Cairo roads, on the other side, they 
would do so at a loss of from three to five miles in distance. Of 
course, this location is only advocated for a railroad bridge. Local 
traffic on it, except to a very limited amount, could not be expected. 

For railroad purposes, except in the interest of the North Mia 
soiici, Alton and Terre Haute, and St. Louis and Chicago railways, 
the location has nothing whatever to recommend it, while the 
advantages accruing to those roads from a connection at Venice 
would not compare with those that will be derived by them from 
the central location at Washington avenue. By the Venice location, 
it would be idle to hope for a union depot almost in the very heart 
of the city, for tho convenient transfer of passengers and baggage. 
By the location at Washington avenue, this is attained without extra 
cost to the roads in making tho connections with each other, and 
without danger of interruption from over-crowded streets, or risk of 
injury to persons or property. 

As a matter of convenience to the marine interests, the location 
at Washington avenue must be deemed judicious. It is idio to talk 
of bridging the river, and planting piers in its channel, without 
obstructing navigation. No matter how wide the spans may be. 
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every pier that is placed in the river is an obsiruction. calco* 
luted to create danger, and cause anxiety to those nho navigate 
it. By the location at Washington avenue, the wharf is nearly 
equally divided above and below the Bridge, liiis will make 
it unnecessary for the steamers trading on the upper rivers to 
pass under the atructiire, whilst those engaged on the Ohio and 
the lower rivers will eeldom be required to pass above it. I£ 
the Bridge were located in the upper portion of the city, all 
of the upper river boats would have to pass and repass it every 
trip. 

From all these facta, I feel confirmed in asserting that at no 
other location could the Bridge bo erected so cheaply, at no 
other one would its revenues be so great, and at no other point 
opposite your city would the public at large be so well accommi 
dated. 



AECH AND TRUSS BRIDGES. 



Because of the frequent aasertion that your structure will 
needlessly extravagant, I deem it proper to illustrate, in as simple 
a manner as I possibly can, enough of tlie general principles 
involved in the construction of bridges to enable any one to 
satisfy himself that the plan adopted for the construction o£ 
this Bridge, instead of being needlessly expensive, is really the 
most economical of all known methods. The general principlee 
iuvolved in the construction of an arch or a truss are not so 
intricate or difficult but what any one with ordinary intelligei 
can, with a little explanation, comprehend them sufficiently 
judge for himself of the tnith of this assertion. I shall do this 
before proceeding to an explanation of the plan of your proposed 
Bridge, as the method adopted in it will then be more readily 
understood and its merits appreciated. 

Any one who can be made to understand the principles of the- 
simplest of all the mechanical powers, the lever, can readily com 
prehend the explanation I propose making, and though he may 
never have reflected upon the subject, a few minutes spent in care- 
fully considering the following illustrations will be sufficient to 
enable him to understand the economy of the arch, over tho truss, 
for long span bridges, 
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Suppose the lever A B (Fig 
BO that the long arm is six 
times the length o£ the short . 



1) to rest on the Mcram C, 



B 



3ot in Fig. 2 wiiis^. _ 
1 to E, where the jp" 
le levers will press ^ ■ 



one, then it is evident that 

one ton placed at B will £i 

balance six tons at A, 

If the short arm oE the lever be bent down, as in Fig. 2, ona tuii 
at B will exert a force equal to six toyis at A in the direction of the 
arrow ; and it will create a pulling or tonaile strain on the hook at 
Ithc same time equal to six tons. If two such levers be placed to- 
other, as in Fig. 3, with one ton weight on each at B (two tons on 
D two), then the strain of six 
Jious on the hoot in Fij 
^e transferred t 
wo ends of the levers v 

and mutually support, 

ich other. To retnin the short ends of the levers at D and E from 

Bseparating, it will bo necDSsary to tio them together with a chord, 

D E, capable of suataiuing a strain of sis tons, tliat being the strain 

at A (Fig. 2) in the direction of the arrow. An/thing interposed 

^^ between the levers at B would be subjected to a crushing or com- 

^^^^essive force of six tons. 

^^V The two Icng arms of the lovers (Fig, 3) here represent the upper 
cr compression member of a truss sustaining a crushing force of 
six tons, while tho chord is the teasion momber, and is resisting, 
at the same time, a strain of six tons, that is endeavoring to tear it 
asunder. If the upper member fails to resist the crashing force, 
or tho lower one is rent asunder, the truss must fall. 

To avoid complicating tho explanation, tho illustration assumes 
ihat the levers are perfectly rigid, and makes no account of tliolr 
weight. If, instead of placing the two tons at B, Fig. 3, we sup- 
pose their long arms were each of one ton weight, then tho strains 
tonlv half as groat; for, if wo remove the weight at B, 
- fc ■ I ■ rf 
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Pig. 1, and suppose the long arm of the lever to weigh just one 
ton, then this arm will only balance three tons at A, lor the centre 
of gravity of the arm will be at the point 3 on the lever, and at 
this point a ton weight will only produce half the strain it would if 
placed at the end of the lever, the point 3 being only half the dis- 
tance from the fulcrum that B is. 

The strain upon the chord (Fig. 3) comes from the weights at 
B acting in the direction of the dotted lines, F G; hence, by 
substituting the straight members, K and L (Fig. 4), for the bent 

Fici 
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levers, these members will be eubjected to the same crushing strain, 
and, being shorter, will be more economical in material. This 
simple, triangular truss represents the most economic of all forms 
of short trusses known. 

If we desire to extend the span of this truss, the members K and 
L are liable to bend downwards with their own weight. To obviate 
this diflSculty, many expedients are resorted to ; one method is 
shown in Fig. 5 which is by the introduction of a third member, M 




(forming the top of the truss), and the braces N N, and also the tie- 
rods 0. Here K, M and L, sustain the entire compressive force 
exerted by the weight of the whole structure. These members may 



Fig 6 




be made witn less material by curving them in the form of an arch, 
as in Fig. 6. This constitutes the bow-string girder. It will be 
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observed that as the foinpressive and tensile strains are ajout 
equal, the truss requires about the same quantity of materia! in 
the lower member for tension tbat it does in the upper or com- 
pression member, when the material is the same in both, while 
tho latter is really the sole supporting member of the structure. 

The illustration of the lever shows that the strain on tho compres- 
sion and tension members is increased by diminishing the height 
or depth of the truss. For instance : if the short arm of the lever 
is only one-twelftb of the length of the other arm, instead of one- 
sixth, aa in Fig. 2, the same weight would create twice as much 
strain at A as before. The truss, in that case, would bo twenty- 
foui- times its height in length, instead of twelve times, as in the 
illustration at Fig. 3. Thus, making the height less, requires more 
materia! in the upper and lower members, and making it greater, 
requires more in the braces N N, and m the tension rods 0, as 
they must then be longer. Tho proportions that insure the greatest 
economy are found to bo about one-tenth of the length of span for 
the height, varying however, in different systems from one-eighth 
to one-twelfth. 

The bow-string girder (Fig. 6) requires theoretically probably 

as little material in its construction, in proportion to the weight to 

be sustained, oa any form of truss known. If we support the com- 

preasion member or arch of this truss (Fig. 7) between stone abut- 
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ments strong enough to bear six tons of horizontal thrust, or exactly 
what its lower member must sustain, we can then dispense with tho 
latter altogether, for it must be evident that its only purpose is to 
keep the bow or arch from spreading at its ends. If the truss must 
be supported on piers, it will at once become an interesting question, 
what will be the difference between the coat of the light piers needed 
to uphold the truss, and the heavier ones required to sustain the 
horizontal thrust of the arch. By the horizontal thrust of the arch, 
we mean the strain thrown by it upon tho tension member in the 
truss. Of course, if this member bo dispensed with, the abutments 




rnust BUfitain this thrust; and ihcir ability to Eustaiii it is aimpl; 
question o£ weight and urrangemcnt of stone. The force of 
thrust is easily known hy calculation, and when we know tliat 
cubic yard of stone will require a certain force to move it, we 
readily calculate how many cubic yards of it will be required 
resist a giren force or thrust. As no account of the bond of 
cement is taken in the calculation, we will have that much addi' 
safety in the abutment. If the excess of masonry required 
abntmenta be found to cost less than the tension member, then 
arch (or tbc bow without the chord) will be tlie cheaper 
It may occur, too, that because of floods, ice, and drift, it may 
be prudent to use heavitT piers than would otherwise sustain the 
truss. This would be an additional argument favoring tho use of 
the arch. 

By referring to Fig. 6 it will bo seen that the bracing between 
the arch and the chord, as well as almost the whole of the chord 
itself, is suspended fron) the arch. In a span of 500 feet, dieM< 
braces at the cenire of the arch would he from 60 to 75 feet long, 
and their weight and that of the chord would be enormous; yet. 
they bear no part of the load, but serve only lo preserve the form 
of the bow. The sole sustaining member of this truss is therefore 
the compressive member or arch. It must be evident then, that bj 
sustaining that member between abutments we not only save tl 
cost of the tension member and bracing, but we relievo the arch ol 
this constant and enormous weight also. Now, if this bow-string 
truss were simply strong enough to bear its own weight before, the 
same arch supported between abutments, as in Fig. 7, and relieved 
of this weight, would then sustain an imposed load on ihe Bridge 
equally as great as the weight of the tension member and bracM 
taken away. Indeed, if the span of the trass were 500 feet, three 
needless members would equal the weight of two loaded trains o£ 
cars throughout its entire length. It will be asserted that the ten- 
sion member is all that is saved by using the abutments, because the' 
bracing is needed to preserve the form of the arch also, when hut 
one-half of the span is loaded, whether we use the tension chord or 
the abutments. Th'is is true, but in the latter case a much smaller 
quantity of bracing material is needed, as I shall soon prove. 

I have purposely taken that form of truss which is of all others the 
most favorable to those who may be disposed to question the propri- 
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ety o£ using the arch m the Bridge at this location, bccuuso in no 
other form o£ truss with the distribiitcd load, even in theory, can 
the bracea be omitted, (In the tubular girder, the vertical plates 
forming the sides of the ti-uss constitute the bracing belweeu the- 
upper and lower members, ) 

Referring to Fig. 7, if this arch be of equal weight throughout its 
lengtl, and parabolic in form, wi'h a load equally distributed, it 
will be self - sostajning, and will require no bracing; but when 
a moving load at A (Fig. 8) has covered thit end of tho arch, 




it will be straightened, and the unloaded portion at B will be bent 
upward. 

As the strength of the arch is dependent upon its form, it is 
necesBary to adopt such means as will preserve it m shape under all 
trials to which it may be subjected. The usual method of counter- 
acting the effect of the moving load, is by spandrel bracing (Fig. 
I 9). Here A B is a member extending over the arch from pier to 




pier. To this member arc secured braces and tension rods, extend- 
ing from it down to the arch, to which they are also secured. The 
spaces thus occupied by the bracing arc called the spandrels of the 
arch. Wo here have the member A B extending over the whole 
length of the span, anstaimng no part of the load, but adding so 
much weight to tho arch. Although it is not subjected to so much 
^_ strain as the chord in the bow-string truss. Fig. 6, and is conse- 
^b quently much lighter, still, it may bo dispensed with altogether, if 
^H we divide the material in the arch and place one-half of it a few 
^H feet below the other, and thus form two arches with abouthalf the 



origin^ materiftl in each, as in Fig. 10, and brace these two ai-ches 
or ribs thus made m such manner that they will preserve their 





form and relative distance from each othi^r, under all ciiciimsCanccB. 
This is what is usuallj termed the ribbed arch, and is tbc form 
adopted for your Bridge. The roadway above it may be of wood, 
and can bo carried by light struts resting on the arch. We require 
only a little more material in the arch thus formed to carry a 
given load than is required in the compressive member alone of the 
bow-string girder, and we only need the two parts of it far enough 
asunder to insure sufficient atiffncss to resist the strains produced by 
tlie partial load. In a 515 feet span, if made of cast steel, eight feet 
from centre to centre of the ribs is fcand to be sufficient to sustain 
the form of the arch wjien one-half of the span hag two tracks 
covered with locomotives, and the roadway is densely packed with 
people, the other half of the span being entirely unloaded. The 
braces for that length of span are only nine feet long, whilst in the 
bow-string girder of the same span and similar curve of arch, the 
bracing would be greatly longer, and would weigh four or five times 
as much. Hence, by using the stone abutments, we save weight 
(and consequently cos/) in the superstructure, in three ways : firstly, 
by dispensing with the long, heavy bracing j secondly, by dispensing 
with the tension member of the truss ; and, lastly, by using less 
material in the arob — for it is plain that, as this member must sus- 
tain, in either case, the entire load that crosses the Bridge, it must 
have more material put in it when it has the heavy bracing and the 
tension member to support also. In a long span the saving Jn these 
three items is really enormous, as will be presently shown. ; The 
515 feet span for this Bridge, with the arch, made of cast ateel, 
weighs about 1.400 tons, exclusive of timber; with the timber, it 
weighs about 2,000 tons. If the arch were held by a' tension 
member, instead of abutments, that member would weigb'about 
450 tons, supposing the steet used in it to bear a strain of,20,000 
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pounds per square inch. But as the arch is only calculated to bear , 
about 3,600 touB, iacluding its own weight, the extra weight of thia I 
member would require the arch to be increased in its dimenBic 
by the addition of about 50 tons of Bteel, making 500 tons in all 1 
for one span. At $350 per too for the steel, thia would increase I 
the cost of the span $175,000. The three bow-string girder spans, 
if made of cast steel, would, therefore, cost over half a million 
dollars more than the three ribbed arches. They would then weigh 
1,500 tons more than the arches, while tho saving in the cost of 
tho four piers for their support could not exceed ^250,000. 

It matters not what truss be used, a proportionate excess of eosfc I 
over the arch will be found to prevail in every one of them. Wher^ ' 
there is no saving in the cost of masonry, or peculiar features of 
location excluding the arch, there can be no substantia! argument 
in favor of the truss for long spans. By the word truss, I inclade 
every known method of bridging except the arch. In all of thera. 
there must be both a compression and a tension member. In the 
arch, but one of these two members of the truss is required; tho I 
compression member when the upright arch is used, and the tension- 
member when the catenary or suspended arch is adopted. This prin-i 
ciple limits the length of the span in trusses by rapidly increasinj^ 
their cost, so that we will seldom see them used in excess of 350* 
feet; whereas, the span of the upright of suspended arch maybe 
almost unlimited. If it can be shown that the arch will be as safe 
and durable, and the entire structure can be made at less cost, and 
that its form is suited for the location, then there can be no reason 
wliy it should not be adopted wher« a long span is desirable. 

This explanation will enable any one to understand, if he will 
take the trouble carefully to consider it. why an arch for the super- 
structure is cheaper than a truss. 



CAPACITY OP THE BRIDGE. 

On consulting your Board as to the capacity which the Bridg& 

should possess, I found it was unanimously ^n favor of the erection 
of one that should be capable of accommodating the local trade and 
travel now existing, or likely to exist for many years to come,, 
between this city and those immediately opposite in Illinois, and 
at the same time servo for crossing all the trains required by the. 
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ten railways rafliating in overy direction from St. Louis. To 
acGompUsh this it was doemed necessary to provide a carriage- 
way of sufficient width to admit of four wagons abreast, two foot- 
ways each eight feet wide for pedestrians, and a double railway 
track for steam trains. 

The aci; Dm mod at ion of steam railway traffic and ordinary travel 
on the same structure, and at the same time, is not an untried 
experiment. It has been done with entire success on the Niagara 
bridge, on the high level bridge at Neweastle-on-Tyne, and on 
several structures of minor note in Europe and America. 

To provide a single road-way wide enough to accommodate a!I of 
these currents on one level, in such manner as to prevent any 
annoyance from, or interference with each other, would involve 
the necessity of a much wider supers truetnro than if the railways 
were placed above or below the carriage-way. This wide super- 
structare would require wider piers and abutments, and thus 
increase the cost of the entire fabric. 

The great number of steam trains to be accommodated by the 
Bridge makes it absolutely necessary that each track shall be at 
all times open for their transit, and precludes the possibility of 
having the rails occupy a road-way to be used, even at stated inter- 
vals, by ordinarj' travel, as is done on some railway bridges where 
the steam trains cross loss frequently. In like manner the great 
tides of local travel that must constantly occupy the carriage-road, 
throughout the day and part of the night, preclude its being used 
in common for steam trains. Honco there would be no alterna- 
tive if they were all on the same level, but to widen the super- 
structure to accommodate them. In placing the railways alongside 
of the carriage road, it would be absolutely necessary that the 
tracks should be separated from the latter by close partition walls 
or fences, to prevent the frightening of animals on the Bridge. 
These walls would increase the weight of the structure, expose a 
much greater surface to be acted upon by winds, and destroy the 
attractiveness which the Bridge would possess if it afforded an 
uninterrupted %iow of the river and harbor. For these reasons, it 
was decided not to place the railways on the same level with the 
carriage road. 

The Federal law requiring the lowest part of the Bridge to be 50 
feet in the clear, " measured at the centre of the span," above the 
city directrix, (or ordinary high water,) and the level of the rail- 
ways on the Illinois shore being but a few feet above the directrix, 
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!n[s piflin ttat if tie railwaye of the Bridge were placed above t 
carriage-ways, it would greatly increase the length of the noceasary 
railway approachea in Illinoin. Instead of their being 52 foet above 
the directrix at the centre of the Bridge, they would have to he at 
least -70 feet, if they were placed over the carriage-way. This 
would involve difficulties at the western end of the Bridge also, as 
the grado would be too great to run the trains under Washington 
avenue. To have these trains leave or enter upon the Bridge 
through this crowded avenue, would not be desirable, even if the 
(.-itJRens of St. Louis would permit it. To substitute horse power 
for steam iu moving the trains through the avenue, would cause 
extm expense, and would not remedy the difficulty, for the street 
does not possess the capacity to accommodate the railway business 
as wol! as the local traffic of the Bridge ; and if used for the former, 
it would be liable to bo blocked up at times from the effect of snow 
Htorras, accumulation of trade or other causes, and would so inter- 
fere with the business of the city and the convenience of the people 
as to become an unbearable nuisance. The accommodation of rail- 
way traffic by the Bridge therefore, if located at Washington 
avenue, involves the necessity of a tunnel under that street, and 
the railroad grades on both sides of the river fix the position of the 
railway tracks on the Bridge, below the carriage-way. 

By this arrangement, it was found that the carriage-way would 
be on the same level with Washington avenue at each end of the 
Bridge, and it would thus form a continuation of that avenue east- 
ward from Third street 2,700 feet long, entirely level except the 
slight rise that will bo given to the Bridge between the two abut- 
ments, to obtain the requisite height over the channel at the centre 
of the middle span. 

The width of the structure and the position of the road-ways 
being thus determined, the next important step was to decide upou 
the sj-stem that should be adopted on which to construct the Bridge. 

The determination to accommodate railway and local traffic on 
the Bridge, involving as it does the necessity of an upper and lower 
road- way, increases the magnitude of the structure to such a degree 
as to render a drawbridge out of the question, even if it were not 
an absurdity to think of opening and closing, thirty or forty times 
a day, a highway that must be as constantly and as densely 
thronged as any street in the whole city. As a drawbridge at this 
city has been, I think very wisely, prohibited by law, 1 only allude 
to it to record my disapprobation of such a structure, if it were 
considered desirable to obtain a repeal of the restriction. The 
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objections to the use of one at this location are so numeroas^ and 
I think 80 well understood, that I will not occupy your time in 
detailing them. 

In deciding upon the method of superstructure to be adopted, 
80 mui'h depends upon the difficulties presented in securing proper 
foundations that it becomes necessary to explain something of the 
magnitude and character of those difficulties in this case, to enable 
you to understand fully the reasons which impelled me to the 
adoption of the arch in spans of about 500 feet. 

.\CTfON OF UNDER CURREXTS. 

p]xaminations made by m\*3elf and other engineers have revealed 
the fact that the bed-rock of the river, which is limestone, is over- 
laid with a deposit of sand about 15 feet deep near this shore, and 
perhaps 100 feet at the other; the increase in depth being very 
regular as we proceed towards the Illinois shore. The borings, as 
far as made, indicate a regular slope of the rock from this shore, 
which has been traced as far as the location of the eastern channel 
pier, where it is about 79 feet below the deposit. Near the Illinois 
shore, 90 feet of boring has failed to reach the rock. The sand-- 
bed of the river in low water is nearly level. 

Soundings made b^' me prove that this deposit is scoured out to 
a great depth in time of floods and freshets. Although I have not 
had any extreme stage of water in which to make my observations, 
1 found that a rise 13 feet less than high-water mark caused a scour 
of 18 feet. The greatest variation in the height of the river known 
at this place is about 41 feet. An average depth of about 8 feet, 
with a width of 1,600 feet, represents the volume of the river at 
extreme low water at the location solectad. Extreme high water 
covers an immense area of bottom-lands above and opposite the 
city, and the construction of numerous railway dykes across these 
from East St. Louis, reduces the water-way at Washington avenue 
to about 2,200 feet in width at high-water mark. On this shore 
and on the other, this water-way is thoroughly revetted below the 
low- water line with rubble stone and protected by the wharf pave- 
ments above that line. The concentration into this narrow chan- 
nel of the vast volumes that are sometimes poured out of the 
gigantic net-work of streams above Stl Louis, the main artery alone 
of which is navigable over a thousand leagues above this city, 
assures me that in time of floods it is not improbable that this 



deposit is removed to twica or thrico the depth shown by my 
soundings, and perhaps to the rock itself. 

I bad oceaeion to osamino the bottom of the Misaiaaippi, below 
Cairo, during the flood of 1851, and at 65 I'eet below the surface I 
found the bed of the river, for at least three feet in depth, a moving 
mass, and so unstable that, in endeavoriug to find footing on it 
benoath the bell, my feet penetrated through it until I eoiild feel, 
although standitiff erect, the sand rushing past my hands, driven by 
a current apparently as rapid as that at the surface. I could dis- 
cover the sand in motion at least two feet below the surface of the 
bottom, and moving with a velocity diminishing in proportion to 
the depth at which I thrust my hands into it. 

It is a fact well known, to those who were engaged in navigating 
the Mississippi twelve yearn ago, that the cargo and engine of the 
steamboat America, sunk 100 miles below the mouth of the Ohio, was 
recovered, after being submerged twenty years, during which time 
an island was formed over it and a farm established upon it, 
Cottonwood trees that grew upon the island attained such size that 
they wore cut into cord-wood and supplied as fuel to the passing 
steamers. Two floods sufliced to remove every reatigo of the 
island, leaving tho wreck of the America uncovered by sand and 
40 feet below low-water mark, where, in 1856, the property was 
recovered. Pilots are still navigating the river who saw this 
wreck lying near the Arkansas shore, with her main deck scarcely 
below low-water mark at the time she was lost.' When tho wreck 
was recovered the main channel of the Mississippi was over it, and 
Jhe hull of the vessel had been cut down by the action of the 
current at the bottom, nearly 40 feet below the level at which it 
first rested ; and the shore had receded from it by the abrasion of 
the stream nearly half a mile. 

Those remarkable but well attested facts came under my own 
observation and occurred at Plumb Point, one hundred miles below 
Cairo, where tho Mississippi is more ttian one mile wide, and whoro 
the lateral action of the current is not confined as it is here by stone, 
'. and where tho depth of the aotion of the under currents must be 
much leas than at this narrow passage. 

•Singularly enough, the fact is almost certain that at seasons of 
lowest water, this deposit is also liable to be removed to an extent 
probably sufficient to lay bare the rock in mid-channel. Tho 
current being much loss when the water is low, the sand accumu- 
lates to its greatest depth. When the river freezes over, which 
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only occurs when it is quite low, a strong crust of ice, from ten to 
fifteen inches thick, is formed in this narrow gorge, while there are 
frequently great stretches of the river above unclosed. The floating 
ice formed in these open spaces is carried down in largo masses, 
which accumulate in this and other narrow passages of the river, 
and form what are termed ice gorges. Those accumulations some- 
times extend several miles above the contracted channels of the 
river, and cause the water to rise, or in river parlance, " back up," 
10 and even 20 feet in some instances, above its former level. The 
firmly frozen crust serves to hold the masses that are accumulated 
beneath it, and the great height attained by the " backing up " of the 
water above the gorge increases the currents that are sweeping below 
the ice to a degree probably greatly exceeding that of the floods, if 
wo may take the water levels above the gorge as an index to the cur- 
rent created by this hydrostatic pressure. These currents, I believe, 
would prove too great to be resisted by any ordinary rip-rap (or 
loose stono) usually used to protect foundations not resting on the 
rock. The ice being lighter than the water, it follows that those 
currents will be constantly acting beneath the gorged ice, Jand in 
direct contact with the sand. As rapidly as the latter is cut away, 
fresh supplies of ice are driven under, and thus the mass continues 
to grow in depth, and the current to be directed nearer to the rock. 
After a few weeks the pressure of the back-water becomes so onor- 
mous as to sweep the gorge away, and on such occasions the open 
space of water below the gorge is at once filled for miles with the 
submerged ice thus liberated. This ice can readily be distinguished 
from the crust or surface ice by its scarcely floating, and by the 
quantities of sand and mud with which it has been saturated during 
its imprisonment. 

On two occasions I undertook to out a channel in the ice through 
which to remove from gorges two valuable diving-bell boats to 
places of safety. The undertaking was only successful in one case. 
The surface ice being removed from the canal and hauled off on its 
sides, I found the quantity of submerged ice which continually 
arose, when that in sight was removed, was so great that the supply 
seemed inexhaustible. In the case where I was successful, I was 
able to cut the channel from an open part of the river up to the 
vessel, and through it the submerged ice was floated out and the 
channel thus cleared. 

In the winter of 1855, the steamer Garden City, of about 800 
tons burden, was inclosed in the ice gorge which formed in this 



harhor. Many of our citiEOnti will romomber that ft iisirtial move- 
ment of the gorge caused her sides to be (.'rasbad, in consequence 
of which the voasef filled with water. She was lying at the upper 
part of the city in front of a large stone quarry, the debris IVom 
which had been for several years thrown into the river by the 
quarry-men. and bad formed a steep, rugged shore of such slope as 
the broken stone naturally assumed. The water where the reasel 
t^unk was 2b feet deep, but she was sustained upon the gorged ioe 
beneath her, so thdt her deck was scaroely under the surface. She 
was in this condition when I was called upon to save her. Her 
hull being about nine feet in depth, it is evident that the ice which 
sustained her must have been packed to the bottom, and 16 feet 
deep. This ice supported lior with her engines and boilers and a 
cabin over them about 150 feet long, until the bank was removed, 
ways placed on the ice under the steamer, powerful purchases 
secured ashore, and the vessel hauled broadside in to, and upon the 
bank in safety, before the gorge gave way. The time occupied in 
doing this was about ten days, nearly all which time the steamer 
was resting on ice that had been driven under the surface by the 
action of the current. 

The establishment of piers in the channel of the river must facili- 
tate the formation of au ice gorge at the Bridge In the Winter, and 
they will certainly tend to its retention until the saud ia scoured 
out about and between them to an unknown depth. 

For theso reasons I have maintained and urged that there is uo 
safety short of resting the piers for your Bridge firmly upon the 
rock itself. On no other question involved in its construction does 
my judgment more fully assure mo that I am correct, although the 
Convention of Engineers assembled here last summer announced in 
their report that they did not consider it essential to go to the 
rock with all the channel piers of Mr, Boomer's bridge. The Con- 
vention assumed that the greatest possible scour would not exceed 
thirty feet below low-water mark, (equivalent to the removal of 
twenty-two feet of deposit. See Eeport, page 80.) I am eupportoti 
in my opinion npon this matter by many eminent engineers with 
whom I have exchanged views npon the subject. 

The recent destruction of mam ot the bridges in British India, 
by having their foundations undeimmed bv the action of floods 
upon the sftndy bottoms of the sti earns in that country, furnishes 
a warning that we should not neglect 



MAGSITTDK AX1> NlJIBEIi OF FOrNHATIONS, 

The necessity for basing tlic cliannel foundutiuiis npun the rock 
being considered imperative, the uext question whs tu ili.>tenuiuc the 
moflt juiliciouH number ot pier*. 

hj shortening the Bpanit the cost of the supei-struclure would be 
lessened, and a reduction in the size of the piers he possible. This 
would, in ordinary cases, result in a proportionate lessening of the 
eost of the entire structure. The law, however, requires that at 
least two spans shall each be not less than 350 feet, and the romain- 
ing spans 200 feet in the clear. Therefore, the reduction in cost of 
the atnieturc by lessening the length of spans is limited to a certain 
extent by tliis provision. There are reasons, however, involving the 
safety of the bridge, wliich niuke ii: necessary to provide, by an 
increase of masonry in ihe piers, the ability to re.siat the extraor- 
dinary casualties to which they will bo liable at tliis location. AVben 
we take into account tlie great height refjuired for the piers, 
from the rock to the lower roadway of the bridge, (14.5 feet in one, 
and 174 feet in the other,) and remember that by the scour of the 
current they will be, at times, without tlie supporting pressure of the 
Band to resist the strains to which they will be subjected, we have an 
imperative reason for increasing the size of the piers to a degree 
snfBcient tu insure then- stability, without reference to any other 
((ueation whatever. 

In another part of this report I hw-e explained why an arch is a 
cheaper method of supersfruclure than a truss ; and that the 
advantage which the tniss baa to recommend it, is that it creates no 
thrust, hut simply a vertical pressure upon the piers, thus enabling 
the lattei- to be built with loss material than when the arch is used. 
But here we have an absolute necessity for using massive piers, and 
hence are unable to avail ourselves of the chief feature of economy 
that might other«-ise make the truss available, and the smallest spans 
permitted by the law desirable. If wo bear in mind that the bed 
rock deepens as we approach the Diinoia shore, it will be seen that 
by adopting shorter spans it becomes necessary to erect piers nearer 
to that shore, and these must he put down through a greater depth 
of deposit than the two contemplated in the plan. The deepest 
foundation we have to put down will be 79 feet below the bottom 




(if the sti'ciim, and we sIiliII probiibly liai'e tin avcroge depth of 20 
feet of water during the season that is occupied in placing it iu 
position, making in all 99 feet below the surface of tlie river, It is 
certainly not desirable to unilertake a deeper one, except for more 
potent reasons than I can discover in the premises. Shorter spans 
would make it absolutely necessaiy to do this, if the piers were 
placed on the rock. It has been asserted that the erection of 500 
feet spans is more hazardous than 350 feet ones. This is a<lmitt«d ; 
hut with ordinary care and judgment the danger of casualties in the 
erection of either cannot be great. It is certainly more hazardous to 
, erect a structure at tliis location whose channel jiicra are not placed 
I ttpon the bed rock below the river bottom ; and if this be done, and 
I shorter spans adopted, the difficulties attendant upon putting down 
I the foundations must necessarily be increased, not only by increas- 
ing their number, but also because of the greater depth required for 
I one or more of them. The hazard avoided in erecting the super- 
structure would simply be added with interest to tliat attending the 
[ construction of the piers. 

The magnitude and height of the piers required is so great, even 
I if the spans were lessened and four arches substituted, and the sea- 
i son favorable for their economic erection is so short, extending only 
' from the middle of August to the middle of December, tliat it would 
, be advisable to attempt the erection of more than one of them 
I in one year. Hence an additional one would delay the completion 
I of the Bridge, and absorb in interest on capital as much as conld be 
I saved by shortening the spans. It is possible to use the same false 
' works and machinery for each pier unless we undertake to put in two 
of them in one season. This would involve the additional expense of 
duplicating these works and machinery. But little could be saved 
in the masonry of the piers by substituting three for the two contem- 
plated, as the three would contain nearly as much as the two. There 
would be more saved in the abutments, but it would be chiefly in that 
class of masonry (the backing) which is least expensive. The cost 
of putting down the necessai-y false works, removing the deposit, 
and erecting tlio thi-ce piers, would be considerably greater than 
for two. 

The masonry of your Bridge being so massive in character, has 
been contracted for at a price greatly under that paid for other large 



bridges now being constructed In tbe West. The reason tor this is 
thftl the slender piers nsed in the latter require that every stoiio in 
them be ciit to an exact siae. Tliia is only necessarv with the exterior 
work in yours, and hence it can be and is being executed for about 
30 per cent, less than the masonry of those bridjies. 

The question of relative economy of shorter »pans haa not 1 
determined by guess work, or decided by judgment alone, but the c 
elusions arrived at in favor o£ the spans adopted havo been c 
by careful estimate and calculation to be not only the most judieioi 
bnt also the most economical, arrangement compatible with the 8ft£t 
of the structure. 

It is not considered advisable to place the abutment at the I 
shore upon the rock. The cust of doing this would be very gre 
and as the piles, upon which the masonry will be erected, can 1 
tborougbly protected at the shore from the action of the current, i 
will not be necessary to do it. The sand on the site of the abtit 
ment will be excavated to a point about 25 feet below tbe bottom q 
the river, and piles will then be driven to the greatest depth possibiq 
and sawed tiff a few feet above the sand. The spaces between t 
piles will he cai'cfuUy fille<l, and the inasoniy laid upon a timb< 
platform on the bed thus fonned. The face of this abutment beloi 
water will then be thoroughly revetted with stone. 

The rock has been laid bare 13 feet below low-water mark o 
Missouri shore, and the western ahutnient commenced upon it with 
the coffer dam built for the purpose. 



METHOD OF SISKING THE PIERS. 

A number of designs and estimates were made by me to determia 
the most practicable, economical and j-eliable method of constructin 
the parts of the channel piers below low-water mark. These desigUEtl 
and estimates included the use of cast-iron cylinders, of diameters 
varying in the different plans from 3 to 15 feet, which were to be 
sunk to the rock and filled with concrete. The danger of scour, 
and the difficulty of binding these cylinders together beneath Qmm 
surface of the sand, so as to insure stability under the strains pro^V 
duced by the thrust of the arches, induced me to increase theijfl 
diameters in subsequent designs, until tliey became bo great that! 
wrought iron was substituted, and finally two cylinders, each of »# 
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diameter equal to the widtli of tlie pier, were tried with smaller ones 
about them, to complete the entire diineiisionB o£ the foundation. The 
same difficulty of binding these together in a. manner to insure 
safety to the superiDcuinbeiit masonrj', in the event of deep scour, as 
well as to give promise of any great duratiiity, Btill remained. 

Cast-iron cylinders may be used with great advantage in form- 
ing, subaqueous foundations in situations where there is no scoui', 
but the dangers to be guarded against in this location would 
render them, I think, less reliable and more expensive than other 
methods. 

My experience of the effects of fresh water upon wrought and 
cast-iron, submerged for many years in the Mississippi, assures me 
fliat the latter can be relied upon as almost indestructible, but that 
wrought-iron will oxidize or rust out so rapidly that in twenty years 
the strengtli o£ a bolt an inch and a half in diameter would probably 
be reduced one-half. To bind these cylinders together, beneath the 
Band, would greatly increase the cost of adopting tbem, and to use 
wrought-iron to secui-e them above the sand would fail to insure 
durability. To undertake to do it with cast-iron would be more 
expensive, and the slightest unequal settlement of the different ones 
composing the mass would be likely to fracture a material so brittle. 
To sink these cylinders, either by the pneumatic process or by any 
of the method's tnown, to Uie requisite depth, would be exceedingly 
expensive. The great quantity of iron required in them, and the 
fact that they must be filled with masonry, would render a founda- 
tion of the necessary dimensions, if composed of them, much more 
expensive than if made of stone alone. 

Having arrived at this point in the solution of the most important 
problem connected with the design and erection of your Bridge, I 
determined to construct the base of the pier entirely of solid masonry, 
within a water-tight floating coffer-dam, whose sides should be extended 
above water, from time to time, as it sunk deeper and deeper, with 
its increasing burden of stone and cement. 

Piers of smaller dimensions have been constnicted in a similar 
manner, and placed upon foundations favorable to their pennanent 
reception. When sand or mud has been interposed, and its removal 
rendered necessary, the sides of the floating vessel have been 
extended downward below its bottom, to form a chamber or kind of 
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diving-bell beneath the masonry. Through the masonry, tubes were 
provided by which workmen and materials could descend into the 
chamber, and through these tubes air was forced to expel the water 
from the chamber, and enable the workmen to remove the sand or mud 
beneath the pier. These tubes recpiired to have two or more air-locks 
or valves in them, that were closed behind the workmen or materials in 
their passage, to prevent the escapement of the compressed air in the 
chamber. This of course retarded the rapid progress of the work. 
To facilitate the excavation of the deposit an extra tube was intro- 
duced in the middle of the pier and extended to the level of the 
l)ottom of the air chamber. The water stood within this tube at the 
level of the surface of the river, and through it an endless chain, 
carrying scoops or excavators, was made to rotate around a pulley at 
the bottom of the tube, and another at the top. In this way the 
sand was rapidly excavated without peraiitting the escapement of air 
from the chamber, and without passing the deposit up through the 
air-locks. The workmen in the chamber were enabled to shovel 
it to the bottom of the tube, where it was taken by the exca- 
vator, and discharged in vessels above. 

The gradual descent of the pier was managed by screws, supported 
upon false works, erected around and over the site of the pier. As 
the sand was removed below, the pier was allowed to settle by 
slacking the screws, as it was only partially water-borne. When 
it had passed through a considerable depth of sand, the friction 
of the latter, upon the sides of the pier, held it to such a degree 
as to take all the strain off the screws, and when it moved down- 
ward it was sometimes so suddenly that the supports were strained 
severely. 

The shortness of the season in which each one of the piers for this 
Bridge must be put in position, because of the floods of Summer and 
the ice of Winter, and the great amount of deposit to be removed, 
renders the pneumatic process just described too slow for this case, as 
well as too expensive. For the safety of the workmen beneath the 
pier, it is absolutely necessary to regulate its descent by screws or 
similar means, and to do this with piers of such magnitude would not 
be advisable. 

The removal of the sand will be accomplished by sinking an 
elliptical-shaped caisson or curb of plate-iron through the deposit to 
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the rock. This caisaoii will ha open at top and bottom, aucl will be 
strongly braeeil on tbe inside with heavy aogle irons plm?cd horizon- 
tally uround it. It will he larger at bottom than top, to facilitate 
its passage thi-ough tho sand and relieve it of the friction. The 
caiaaon will be snapended by false works erected around the site of 
-tiho pier, and will he regulated in its descent by screws supported on 
;the false works. As it is lowered into the sand, that which ia inclosed 
ibj it will be excavated by steam maL-hiiicry, luitil the caisson is finally 
lunk to the rock. It is not intended at any time to remove the 
water within the caisson, but only the aand it incloses ; the object of 
tho caiaaon being only to exclude the sand outside of it until that 
which it incloses has been removed, the rock leveled oEf with concrete, 
the floating coffer dam placed in position within tho caisson, and the 
pier so far built up in the latter aa to sink it down to the concrete 
prepared for it. 

The bottom of the coffer dam will he foiined of squared timbers, 
thoroughly caulked, and will he about two feet in thickness. Its sides 
will also be of timber, and so consti'ucted as to admit of being 
from the bottom when the latter has reached the bed 
.ed to receive it. The interior of the coffer dam will he larger 
.an the pier, and the latter will he constructed with certain cavities 
it to be filled viih masonry after the pier reaches the bottom, so 
lat the weight of the pier will bear such proportion to the displace- 
ment of water as to insure the top of the masonry being kept hut 
little below the am-face of the river while tho pier is being built 
within it. This will enable the sides of the vessel to be thoroughly 
braced against the pier, so as to resist the pressure of tlie water. 

It is known tliat timber is indestructible when completely aub- 
merged in fresh water. Piles placed in the Khine by the Romans, 
nearly 2,000 years ago, have been found to be entirely sound when 
removed within the present century. There are many other similar 
instances on record establishing the fact of its durability, whilst the 
soundness of the timber found in the bogs of Ireland and elsewhere 
indicates that it is unlimited by time. 

When the bed rock has been prepared to i-eceive the pier, the coffer 
dam will be floated withiu the caisson, and will be guided hy l3ie 
latter as it descends with its load. It wil! be understood that tlio 
pier is completely water-home hy the cofl'cr dam until the quantity of 
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masonry in it has become so great as to cause the dam to touch the 
bed on which its bottom, with the pier, is to rest permanently. When 
the pier has been completed above water, the dam is permitted to fill, 
and its sides will then be disengaged from the bottom and removed, 
to be used in putting down the next pier. The caisson for the smaller 
pier can be withdrawn and used for the other one ; and the larger 
one may possibly be saved also. 

As before stated, the floating coffer dam is not an untried experi- 
ment, but has been frequently used to place piers in position where 
the bed-rock or other substratum was favorable for their reception. 
The caisson has also been frequently used to exclude the sand or 
mud, and enable that within it to be removed suflScientlv to facilitate 
the driving of piles to a greater depth and in firmer soil than would 
be otherwise practicable. 

The estimates made for the cost of this work prove that it will be 
much less expensive than any other method yet devised ; while the 
superiority of the foundations thus made will be beyond all question. 

PLAN OF STRUCTURE. 

The Bridge will have three spans, each formed with four ribbed 
arches made of cast steel. The centre span will be 515 feet and 
the side ones 497 feet each, in the clear. The rise of the centre 
one will be one-tenth of the span ; that of the side ones forty-seven 
feet ten inches each. 

The four arches forming each of these spans will each consist of 
an upper and lower curved member or rib, extending from pier to 
pier. Each of these members will consist of two parallel steel tubes, 
nine inches in exterior diameter, placed side by side. The upper and 
lower members will be eight feet apart, measured from the centre of 
the upper to the centre of the lower tubes. At regular intervals of 
about nine feet, these members will be braced from each other by a 
vertical system of cast steel bracing on each side of them. These 
braces will be secured at each end to cast-steel plates, formed some- 
thing like the voussoirs of a stone arch, and against which the tubes 
will be abutted and secured every nine feet throughout the arches. 
A horizontal system of bracing will extend from pier to pier between 
the four upper curved members, and a similar system between the 



four lower ones, for the ])in'pij.''e of securing the four ardicH in ilicir 
relative diataiicps from cacli other, and to sustain them against 
lateral pressure. 

The two centre arches of each span will be thirteen feet nine and 

a half inches apart from centre to centre, and will have, in addition 

to the upper and lower horizontal bracing just described, a system of 

diagonal bracing, securing the upper member of one arch to the lower 

one of the other arch, and the two other members in like manner. 

The outside an-hes are each fifteen feet one and three-quarter inches 

, from the middle ones, and are joined to the latter by thi-ee systema 

I of bracing similar to those described as between the two centre 

arches. These systems, however, on the outside of the middle arches, 

I extend only from the piers to the under side of the railways, the 

[ latter being carried between the two outer and the two inner arches 

' near their crowns. The outside arches being supported in this interval 

against lateral movement, by rigid connections from both the upper 

I and lower roadways. 

The roadways are formed by transverse iron beams, 12 inches in 

[ deptli, supported by iron struts of cruciform section resting on the 

I arches at the points where the vertical bracing of the latter is se- 

l cured. That portion of the railways which passes below the crown of 

r the arches is suspended from them. Between the iron beams forming 

the roadways, four parallel systems of longitudinal wooden members 

are introduced, extending from pier to pier and serving to maintain 

the iron beams in position. These wooden members are each about 

nine feet long, and their ends rest upon the flanches of the beams, 

■ and are there secured from moving. On these, the wooden beams for 

Itiie carriage-way rest in one roadway, and the cross-ties for the raii- 

I ways in the other. From the opposite ends of the iron beams a 

^double system of diagonal horizontal iron bracing senses to biud 

whole together, and gives additional support against wind 



The upper roadway is 34 feet wide between the footwalks. The 
I latter are each eight feet wide, making the Bridge 50 feet wide be- 
' tween the railings. 

The railway passages below the carriage-way will each be 13 feet 
6 inches in the clear and 18 feet high, and will extend through 
arched openings of equal size in the abutments and piers. 
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The railways will be carried ovor the wliarfa on each side of Ac 
river on fivo «tone arclieji, each 26 feet wide, and will be incloned 
throiiglioiit this dietancc b_y a cut stone arcade of twenty arches sup- 
jwrtiuf; the upper rdadway. After jmsxing u>(*r those 8to])& arehcTi. 
the railways will be CJirried through the blockn between the whsrf 
and Third street on brick arches into the tunnel at Third ittreet BSd 
Washington avenue. Over the intervening streelji tliey will bo Cir^ 
ried on wrought-iion trusses. 

On the lUinoiB nhore the railways will curve off to tho north and 
south immediately after crossing tlie last one of the stone arches, 
and with a descending grade o£ one foot in one hundred, extending 
about 3.000 feet, and HUpportcd on trestle work part of ihc way, 
tliey will reitch the grade of the railways in East St. I*ouia. 

The carriage road will begin to descend with a grade of five feet 
in one huntbed, ut the oasU'rn end of tlio bridge, iminediulely after 
the railway tracks curve away from the latter, and will confurui ut 
Third street, in East St. Louis, to the grade of that wli-cet. On 
the Missouri side tlie carriage-way will be coniinued over the railway 
tracks from the Bridge to Thii-d wu-eot on a level grade. 



M A H N n Y . 

The gi-oater iiai-t of the stone for the Bridge w-ill bo taken from 
the Orafton (jiiarries, on tho Mississippi, in Illinois, about 4U mile:* 
above St. LouIm. This stone is a niagnesian limestone, of tint; 
firm texture, yellowish in color, and is found in regular stralu, 
varying from one to three feet in thickness. From severe clioinical 
tests, and tlie proofs of its durability given in many of tho large 
buildings in this city oonstnicted with it, it is believed to be well 
suited for the intended purpose. It will not, however, bo used on 
the exterior of the work above water. From two feet below low- 
water mark to two feet above high-water mark, the exterior of the 
piers, including thoae on the wharfs as well as the abutments, will be 
of the best quality of granite. This will bo laid in courses not less 
than thirty inches thick, with an arris cut around each block to indi- 
cate the joints of the work, wLile the remainder of the block wilt 
retain the quarry oi- rough face upon it. Above the granite, the 
exterior will bo entirely of cut sandstone. A granite course, eight 



feet in thickness, Vfill be laid tlirough the channel picifi, mid in the 
abutments, to receive tlie skew-backs or heavy cast-iron jihites, against 
which the ends of the arches will rest. 



STRENGTH OF THE BRIDGE. 

The arches have been designed with suBEcient strength lu sufitain 
the greatest number of people that can stand together upon the 
carriage way and foot paths from end to end of the Bridge, and 
at tlie same time have each railway track below covered from end to 
I end with locomotiveB. With this enoi-mous load the strength of the 
■ arches will be taxed to the extent of less than one-sixth of the 
ultimate strength of the steel of which they will be constructed. 
The piers and abutments have been designed with a view to sustain 
either span when thus loaded, even if the others wei'e entirely 
unloaded, and to sustain either span entire if from any cause the 
adjoining ones should be destroyed. The arches have also been 
designed to resist the effects of any portion of the span being loaded, 
as above stated, with any other portion of the same span entirely 
unloaded. 

It will be seen, therefore, that the Bridge has been designed to 
"sustain a greater load than will ever be placed upon it. No occasion 
can possibly occur requiring it to be densely packed with human 
beings on the upper road way, and at the same time have its railways 
covered with locomotives below. Yet the ultimate strength of the 
materials of which it will be composed is such that the three arches 
are capable of sustaining twenty-eight thousand nine hundred and 
seventy-two tons, before they would give way under it. 

The superabundant strength of the piers to resist the effects of 
ice, and the ability of the superstructure to withstand the most 
violent tornadoes, ia clearly demonstrated in the appendix to this 
report. 

It hafl been asserted by some of your opposers that the pressure of 
such long arches upon the abutments would be so great that the stono 
would crush under the effect of it. The ridiculous absurdity of this 
statement is exposed by the fact, that one block of ordinary lime- 
stone, six feet square, requires a greater load to crush it than the 
heaviest burden that can possibly be imposed upon all three of the 
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arches of your Bridge with the entire weight of the three spans 
themselves added to it. The weight of the three spans, and the 
maximum load they are designed to bear, is seven and two- tenths 
tons j)er lineal foot, or 10,8H;> tons. The six feet cube of limestone 
will retiuire 5,000 lbs per square inch, or 12,900 tons to crush it. I 
have already stated that the thrust of the piers would be taken upon 
granite courses, eight feet thick, (iranite being more than twice as 
strong as limestone, the absurdity of this notion is still more apparent. 
As the thrust of each end of each arch will be received on a surface of 
granite equal to twenty- four square feet, and as each span has four 
arches, it follows that the thrust of the three spans is taken on a 
surface of 576 square feet of granite. This would require, at 10,000 
lbs. to the square inch, four hundred and fourteen thousand seven 
hundred and twenty tons to crush it, proving that of all the ridiculous 
assertions advanced, this is the most extravagant. It could only 
be excelled by the fear that the tremendous thrust of these 500 
feet arches will prove so great as to force the banks of the stream 
asunder, and let the fabric into the abyss through which the mighty 
river would then escape. 

EFFECTS OF TEMPEEATUKE. 

By making the longitudinal members of the roadways of wood we 
avoid the expansion and contraction of those long level platforms 
between the piers, and leave them to be effected only by the action 
on the arches. 

The longest of the arches will rise at the centre a little less than eight 
inches by the expansion of the steel when under the greatest extreme 
of heat, and with the most intense cold it will fall as much below the 
point at which it will be maintained under a medium temperature. 
This supposes a range of temperature from 20 degrees below zero 
to 140 degrees above. (Fahr. ) In the appendix it will be seen that 
in detennining the size of the several parts of the arch, we have 
duly considered the strains resulting from this change of form. 
The severest strain produced by temperature occurs at the abutments, 
and does not amount to over four tons per square inch. 

The effect on the roadways is simply to raise and lower them at 
the centre of the arches so imperceptibly that the eye could not de- 



tect it. The rise and fall of llie roadwiiys of the Niagara bridge ic 
stated by Mr. Eoebling to be two and a quarter feet at the centre of 
the span, imder a change of lUO degrees of temperature. That is, the 
roadways are two feet three inches higher at sero than when the ther- 
mometer marks 100 degrees. No inconvenience has been found to 
arise from this change of form in that bridge, and none can bo ap- 
prehended fi'om it in yours, where it will be so much less. 

Tliere is no truss combined with tlie arch in the method adopted. 

The roadways being simply carried on vertical supports by the 

les, form no part of a truss system. The arches are the sole 

supporting members of the structure, and by the vertical bracing 

between their upper and lower parts, are made amply rigid to sustain 

I their burdens without the use of a tru.'^s in combination with them. 

am thus particular in stating this fact, as one of tlie misapprehcn- 

Biona existing in regard to the plan adopted by you is, that it is a 

I combination of the arch and truss. The welt known difficulties 

( Tjauaed by the unequal expansion and contraction of each, when the 

T two systems are combined in a metal structure of long span, would 

LnatHrally create a. want of confidence in your plans, if tliis impression 

I were permitted to prevail, 



Tl'NNEL. 

The centre line of the bridge strikes the eastern side of Third street, 

fifty-three feet north of the northenstern corner of Washington avenue 

and Third street. At this point the tunnel, which at present has 

' been designed for the accommodation of a single railroad track 

i-only, begins. It follows Washington avenue to Ninth street, and 

["by a curve extending through blocks 172, 281, and 280. reaches 

Eleventh street. It is carried under Eleventh street to Chestnut, 

when the oflset at Market street necessitates another slight curve. 

After reaching Eleventh street, beyond Market street, the tunnel is 

I carried under Eleventh street to its termination a few feet beyond 

' Clark avenue. Its entire length will be 4,800 feet. The railroad 

1 ifaence is carried to its junction with the Pacific, the Iron Mountain, 

and the Southwest Pacific Railroads through an open cut. 

The width of the tunnel is fifteen feet ; its height from top of rail 
f to crown of arch is seventeen feet. The grade in the tunnel is fifty- 
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five feet per mile, for a distance of 13o0 feet, while the remaiuder 
has grades viirjing from ten to twenly-two feet per mile. 

The depth of the exterior crown of the arch, below the grade of 
the atreet, varies from two to ten feet. The Bewers intercepted by 
the tunnel are not very large (2J by 3J feet on Washington avenne, 
and 3 J by 4J feet on Seventh street). New sewers carried alongside 
the tunnel will provide for the drainage of those intercepted. 

Water and gaspipes will be carried through the crown of the 
tunnel. 

The apprehension felt by some persona that in the construction 
of this tunnel rock and quicksand would form a source of expense 
and danger, has been set at rest, since borings made under my 
directions at points about 300 feet apart, throughout the whole 
length of its proposed centre line, have shown that the only material 
to be removed is blue and yellow clay. 

The tunnel is to be built in sections, and by open cut, and the 
right for its construction has been granted by the City Council. 



WORK DONE. 

Under this head I have to report, among other items, the construc- 
tion of the coffer dam for the western abutment, the excavation of the 
material inside of the dam to the solid rock, thirteen feet below low- 
water of December, 1863; and the laying of 1,040 cubic yards of 
the masonry of this abutment. The work on the abutment was 
stopped on account of high water, after being carried up to an 
average height of twelve feet, about the 15th of March, and the 
river has not yet receded enough to allow of a resumption of the 
work. 

Great difBculties were encountered in the construction and main- 
tenance of the coffer dam, by the large number of wrecks of 
steamers and barges found in that location, which formed an almost 
impenetrable mass of timber and iron. Parts of three steamboat 
wrecks, and four barges imbedded in about twelve feet of debris, 
were encountered and removed within the dam. The work now 
however is beyond any danger, and may be resumed and carried out 
without interruption as soon as the river recedes a few feet more, 

The large frame-work and the machinery for laying the stone, 
designed to expedite the construction of the channel piers, has been 



completed and erected over the western abutment, to have the 
machinery fairly tested and its manipulation fully understood before 
using it on the piers, where so much depends on the celerity of 
operations. The machinery is driven by one engine, and is capable 
o£ placing 5*10 tons of stone in position in ten hours. Its per- 
formance gives entire satisfaction. 

The work on tlie western abutment was carried on under the 
superintendence of Mr. Eenj. R. Singleton, C. E., who deserves 
great credit for the zealous performance of the duties intrusted to 
him. 
I Since stopping the work on the abutment, the foundations for two 
' of the piers of the arclies which carry the roadway across the levee, 
amounting to 438 cubic yards of masonry, were constructed. There 
ie also on hand a large quantity of cut and undressed stone and 
cement ready for a resumption of the work. 

Under this head should also be mentioned the large amount of 
I office-work performed in the calculations and plans for the Bridge, 
I The whole project, in all its details has been thoroughly studied, and 
but Htile more remains to be done in that line. 



CONVENTION OP ENGINEERS. 

The organizatioc of two companies about the same time for tlie 

f purpose of bridging the river at St. Louis, and the rivalry existing 

I between them for nearly twelve months prior to their consolidation 

I under the present organization, was the cause of many difSculties 

I thrown in the way of the construction of your Bridge. One of 

Ithese companies, generally known as the Boomer Company, called 

r together a Convention ot Engineers last August, to consider the 

question of bridging the Mississippi river at this point. Although 

composed in part of many distinguished and able engineers, it was 

known to have been held solely in the interest of that Company. 

The plans designed for that Company by Mr. S. S. Post, C. E., 

) laid before it and approved by the Convention. The plans 

1 designed for youi' Bridge, and adopted by you, were not solicited 

by the Convention for its examination, and at no time were those 

plans under consideration by it. At no time did the Convention 

take up the subject of bridging tbe river by arches, but simply by. 
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trusses, and it tiioret'ore very pruperly recocimeiulcJ thut no spnns 
exceeding 8JD feet in the clear should be adopted. 

Notwithstanding all these facts. It was industriously reported hy 
your opponents that the plana adopted for your Bridge had been 
condemned by th&t Convention as unsafe, enormously extravagant, 
and utterly impracticable; and that it had alao condemned the loca- 
tion of it as very injudicious. It is because these statements are 
even yet repeated by parties interested in defeating the erection of 
the Bridge, and because they are creilited by many persons really 
anxious Cor its completion, ttmt I call your attention to them, and 
pronounce them one and all utterly untrue. One effect of these 
misrepresentations has been to create a belief in the miuds of many, 
that the plans adopted by you will involve a much greater outlay 
tlian is really necessary. This impression has been slrengthened, 
no doubt, by the fact that those plans represent piers and abutments 
much more massive, and a superstructure far more graceful and 
elegant, than any form of truss bridge yet constructed. Yet one of 
the most beautiful and graceful structures in this or any other 
country, with its massive masonry and enormous span, is one of the 
cheapest ever erected. I refer to the suspended arch bridge of 
Roebling's at Niagara. 

We are too prone to associate our contemplation of the beautiful 
in architecture and engineering with an idea of costliness, which is 
not always just. It is easy to prove, beyond the possibility of 
a question, that in no other form could the material in those mem- 
bers of your Bridge which impart to it the chief feature of its 
gracefulness, be used with such economy. 

It rarely occurs that any great enterprise is undertaken and com- 
pleted without some opposition, no matter how praiseworthy the 
purpose, or how many millions will be benefitted by the work. If 
the private interests of some one or more individuals are affected by 
it, opposera, both open and seuret, will be on the alert to assail it, 
and delay or defeat its consummation. It would bo strange, indeed, 
if your undertaking met with nothing but encouragement, and 
proved an exception to a rule that is, unfortunately, almost inva- 
riable. From its inception, you were opposed by a rival Bridge 
Company, whose antagonism was stimulated and encouraged by the 
active or passive co-operation of members of two wealthy monopo- 
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lies, (the Ferry and Transfer Companies,) and hy others, actuated 
by motives best known to themselves. 

The consolidation of tlie two Bridge Companiea has removed 
the rivalry between them, and every legal doubt as to your char- 
tered privileges also; but the opposing influences of tho Ferry 
and Transfer Companies remain. It wotild have been wonderful 
if the plans of your Bridge should have escaped, not only severe 
criticism, but unjust misrepresentation also, in a controversy that 
has prominently occupied the attention of the public for several 
months past, and elicited great warmth of feeling. In this con- 
troversy, the safety of the Bridge has occasioned much discussion, 
and the most ridiculous assertions on this point were again and 
again repeated. Originating with those who have opposed the 
erection of the Bridge, these objections have been adopted, in some 
instances, by men really anxious for your success, but who have not 
had the time, or felt sufBcient personal interest in the matter to 
investigate it for themselves. Others again, occupying the position 
of wealthy citizens, have perhaps felt the necessity of some apology 
for not aiding an enterprise so commendable, and have willingly 
adopted these misrepresentations to excuse their own indifference. 
Instead of generously abstaining from placing obstacles in the path 
of an enterprise that should command the best wishes of every one, 
they have in this way aided its most determined opposers. 

The effort to create a want of confidence in the safety of your 
Bridge was supported, to a certain extent, by the fact that this 
Convention declared in its report that there was no engineering 
precedent for a span of five hundred feet, and also by stating that 
" there has been no bridge of the character of that which (in our 
judgment) is required at this place yet eonstructed, to furnish us 
with any reliable and certain data on the serious questions of mate- 
rials and workmanship in spans of such great length." 

By reference to a copy of the ofBcial publication, in my office, 
made by the Dutch Government in January, 1800, of tho details 
and plans of the Kuilinbnrg bridge over the Leek, an arm of the 
Rhine in Holland, you will see that its greatest opening is spanned 
by a truss of liiT metres, or 515 feet in length, constructed on the 
method used in the bridge at Hartford, ConuocticuC. This bridge 
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has a double- track railwaj through it, and this trass weighs nearly 
2,-tOO Ions, and is partly of Bteel. {See wood cut, page "2 ). 

In ISi"*! the great Scottish engioeer, Thomas Telford, proposed 
to replace the old London Bridge with one of cast iron, having a 
single iircli o£ six hundred feet span. His anspenaion bridge oyer 




Telfbrd'a jiroiwserl briil){t; of liUU Ifei siiaii. 

the Menai Straits is one o£ the most auhstantial structures of the 
kind in the noild and spans 570 feet. A cast iron arch bridge of 
I single &piin of 500 feot was proposed by him in preference to the 
Buspeubioii tiJL hut WIS ie]ccted by the government, because the 
iirch gaic kas uoni on eich aide at the channel for sailing vessels. 



Tt'irorA'B propogeil nt» feet bridge tni the Henal Strslt't. 

For I'orly years this remarkable man continued to enrich Scotlaud 
and England with some of the most stupendous and successful 
triumphs of engineering skill to be found in Great Britain. The 
erection of more than 1,200 bridges by him, many of litem of cast 
iron, made his experience in bridge consti-uction, superior to that of 
any man of his period. Many of those erected by him are among 
the largest and most substantial structures in that country. 

A select committee was appointed by Parliament to examine 
his plans for the 600 feet arch, and the opinions of the most 
eminent, practical, and scientific men of the British Empire were 
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taken before it on the subject, iimoiig whom were James Watt; 
John Rennie; Professors Robinson and Playfair of Edinburgh, anil 
Hiitton of Woolwich. The plans were approved and adopted, and 
the work upon this stupendous arch was actually begun. 

Although this great work was ultimately abandoned, it was from 
no want of confidence in the plan, hut because ( according to 
Stephenson) the height of the arch (65 feet) involved the necessity 
of raising the streets leading to it, by which too much valuable 
property would haTO been depreciated. In a private letter to a 
friend, Telford informs him that his plans were adopted for this 
bridge, and says: "If they will only provide the means, and 
give me elbow room, I see ray way as clear as mending the auld 
brig at the burn." 

Surely, the recorded judgment of such a man as TelEord, when 
sustained by the most eminent moii of his day, asserting the prac- 
ticability of a tast iron arch of 6D0 feet span in 1801, furnishes 
some "engineering precedent" to justify a span of 100 feet less 
in 1867. 

When we take into account that the limit of the elastic strength 
of cast iron in compression is only about 8,000 lbs. to the square 
inch, and that in cast steel it is at least seven or eight times 
greater ; and consider the advance that has been made in the 
knowledge of bridge-building since the days of Telford, it ia safe 
to assert that the project of throwing a single avch of cast steel, 
two thousand fett in length, over the Mississippi, is less hold in 
design, and fully as practicable, as his cast iron arch of 600 feet 
span. Engineering precedents have nothing to do with the question 
of length of span in a bridge. It is a money question altogether. 
The problem to bo solved is simply, what length of span will pay 
best? This being decided, and profit enough assured to justify the 
outlay, engineering skill and knowledge will he found fully equal 
to its accomplishment, no matter what may be the length required. 
That one made of a material eight times as strong as cast iron, is 
unsafe ur impracticable 500 feet long, is almost too ridiculous 
to be noticed, in a country where the assertion is rebuked by Wern- 
wag's wooden arch of -U40 feet, which spanned the Schuylkill at 
Fhiadelphia. 

It mast be remembered that the report of the Convention has the 
names of several able engineers appended to it who were not present 



nt its meetings : ihiit those wlio wore present considered no method 
of construction except trusses; that its deliberations for the solu- 
tion 'jf the grave questions involved in bridging this river occupied 
scarcely ten days; and that it was convened almost solely in the 
interest of Mr. Boomer, who then controlled one of the charters of 
your consolidated company, and the patent for the trass bridge he 
intended building. When these facts are considered, in connection 
with each other, it will be understood why the plans for your Bridge 
were not solicited for comparison with Mr. Post's patent truss; and 
when you lake the statement of Mr. Post himself, as chairman of 
the committee on superstructure, that to span a clear opening of 
riOi) feet with his truss, would cost as much as to span two openings 
of 350 feel each, and one and a half of 250 feet each, in addition; 
or that the superstructure of the Bridge, if built on hia plan, would 
cost 375l),000 more with one oltO foot span than if two of 350 feet 
were used, you will understand fully why the preference was given 
(on the score of economy) to spans of 350 feet. 

An investigation by the Convention of the plana adopted by you, 
would have revealed the fact that the superstructure of your Bridge, 
possessing greater strength tlian the one it endorses, and with its 
great openings, could be erected for about four hundred thousand 
dollars less than the truss bridge approved by them, with its greatest 
spans of but 350 feet ; and no part of this saving is absorbed ■by 
cost of foundations, as those approved by it, on account of the great 
quantity of iron required, are more expensive also than yours. The 
proof of these facta will be found in another part of this report, 
and they are sot forth in a manner that admits of no refutation. 

It is however not so easy to understand why a body so intelli- 
gent as this Convention, should forget the authority of Telford and 
his eminent coteraporaries, and the 500 feet truss bridge over the 
Leek at Kuilinburg, in Holland, and be led into the error of 
, asserting that there was no "engineering precedent" for a span 
of 500 feet. If it were expected to span this river with an exact 
copy of some bridge now standing elsewhere, the necessary data 
could be obtained and applied without convoking so much ability. 
Any respectable bridge building firm in the country has, no doubt, 
sufficient engineering talent constantly in its service for such an 
emergency, and could have had the requisite plans copied, and the 



structure Drecteil, without calling a Coiwention of such distinguished 
gentlemen to dt-liberate upon ihem, Where no "engineering pre- 
cedent" exists however, and where datit "on ihe serious questions 
of materials ^nd workmanship in spans of such great length" are 
not supplied by structures oF equal magnitude, there is a necessity 
for bringing to the consideration of the subject the profoundest 
thought, based upon such a thorough acquaintance with the strength 
of materials as experience and experiment alone can furnisli, to- 
gether with a knowledge, obtained by careful study and observa- 
tion, of the laws which guide ua in the combination of those 
materials. 

For increasing the dimensions of a truss beyond any now existing, 
a. knowledge of the strength of materials, and the laws that govern 
their application, was sufficient to enable the convention to deduce 
with entire safety, such data from the experience furnished by the 
450 foot truss of Brunei, over the Tamar, the 397 feet trusses of the 
Dirshau Bridge, over the Weichsel, and a dozen others of lesser 
span, if the Kuilinburg truss were not in existence. 

The wording of the report, inconsiderately, and I believe quite 
unjustly to the members of the Convention, makes that body seem 
to condemn the adoption, not simply of a irusa of 50O feet, but a 
span of that length, whereas it really Investigated no other methods 
of construction to determine their relative economy with tho truss. 
It simply compared the 500 and the 350 feet trusses with each 
other ; and instead of being content to condemn the use of the long 
one on the score of economy alone, which would certainly have 
been sufficient, it thoughtlessly gives a reason for not using a 500 
feet span that is not only unsupported by ti-uth, hut which is also 
a discreditable one to a profession whose greatest merit lies in its 
ability to overcome difficulties by the application of physical laws, 
without the aid of precedents. By this negligent (or adroit) wording 
of the report, the professional reputation of the members is made 
to injure a kindred enterprise of whose existence they were not 
ignorant, by making each one of them appear to condemn thi' plans 
of a rival structure they had never seen. A thing which no one of 
them would do deliberately, if he valued hia own reputation. 

The biographer of Telford relates that a scheme for a broad ship- 
canal was started to connect the Mersey, opposite Liverpool, with 



the estuary oE the Dee, the object being to enable shipping to avoid 
the shoals nni sand banks that obstruct the entrance to the Mersey. 
Telford entered on the project with great zeal, and his name was 
widely quoted in connection with it. It appeared, however, that one 
of its projectors, who had secured the right of pre-emption of the 
land on which the only possible entrance to the canal could be 
formed, suddenly sold out for a large sum to the corporation of 
Liverpool, who were opposed to the plan. His biographer says 
that "Telford, disgusted at being made the instrument of an 
apparent fraud upon the public, destroyed all the documents relating 
to the scheme, and never spoke of it afterward, except in terms of 
extreme indignation." 

Considering that the Convention was assembled solely in the 
interest of a, rival company, and after the fact of your adopting 500 
feet spans had been published, the inference drawn from this part 
of the report is quite conclusive that the omiueut reputation and 
distinguished standing of its members, have been used for a purpose 
riuite similar to that related of Telford; and knowing that the 
same keen regard for rectitude displayed by that engineer, is shared 
in by almost every member of a profession based on laws incapable 
of deception, and the daily application o£ which, in the routine of 
their duties, naturally inculcates a love of all that is truthful and 
correct ; I feel assured that they have cause to feel, and doubtless 
do feel, equally indignant with Telford, 

If there were no engineering precedent for 500 feet spans, can 
it ho possible that our knowledge of the science of engineering is 
so limited as not to teach us whether such plans arc safe and prac- 
ticable? Must wc admit that because a thing never has been done, 
it never can bo, when our knowledge and judgment assure us that 
it is entirely practicable ? This shallow reasoning would have de- 
feated the laying of the Atlantic Cable ; the spanning of the Menai 
Straits ; the conversion of Harlem Lake into a garden ; and left the 
terrors of the Eddystone without their warning light. The Rhine 
and the sea would still be alternately claiming dominion over one 
half of the territory of a powerful kingdom, if this miserable argu- 
ment had been suffered to prevail against men who knew, without 
"an engineering precedent," that the river could be controlled, and 
a curb put upon the ocean itself. 
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COMPARISON OF COST. 

By the consolidation of the two Companies, you have been phit'ed 
in possession of the estimates for the Bridge designed for Mr. 
Boomer, and approved by the Convention of Engineers, I propose 
to compare those estimates with the estimated cost of your Bridge, 
taking the same prices in each case for the same materials, as far 
as practicable. 

Comparison of the Cost of Construction of a Truss of 600 feet span, 
with that of a Ribbed Arch of the same span, {for equal loads). 

The coat of a 500 feet truss is not directly stated in the pro- 
ceedings and report of the Board of Civil Engineers, hut on page 
48 of that report we are informed that it was proved in joint 
committee that ^' the cost of a span of 520 feet (or 5UU feet in the 
clear) will be more than twice as great per foot of Bridge, as a 
span of S68 feet," and being in possession of Mr. Pose's estimate 
of cost for a truss of 364 feet span, we can easily deduce the cost 
of a 500 feet span. 

The following is a copy of Mr. Post'a estimate : 

COST or ONE SPAN OF 364 FEET ^FOUR TBUBBBS). 

Cast Iron 1,732,902 fts ® 7 cents ^ Ri $121,309 44 

Wrouglit'lron _l,679,iH8 •' 12 " 201,500 10 

Rolled Iron a40,rru " ■' _ 31,697 Ofi 

Railing for Sidewalks™ 56,058 " 15 " 8,408 40 

Spikes, Bolts, etc 19,850 " 8 " 1,179 36 

Trams _ 66,022 10 cents 6,693 20 

PineTimber 163,200 feet 8 " _ 18,056 00 

" for protection 14,660 ■' 4 " 582 40 

Oak Timber 34,000 " 10 '■ 3,400 00 

Seaffoldlng and Raising, 36,800 00 

Panting 8.000 00 

Patent Fees 6,956 04 

Testing and Engineering 42,045 19 

Contingencies 118,099 38 
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Total $590,490 43 

Or, $1,622 per lineal foot. 
The estimate for the whole superatructure, of which the above is 
a part, amounts to g3,233,627 82. As the total cost of super- 
structure, given in page 84 of the Proceedings and Report of the 
Board of Civil Engineers, including the cost of 6,000 feet of rail- 



way, amounts to J3,(i88,920, or nearly 84iH),00l} more, it is cYidcnt 
the above costoE the Bpan is Dot overstated, and it most b« plain 
that if any error is committed in tbis comparison, it ia in fmYW of 
the truss bridge. 

Tiie cost per lineal foot of bridge of a truss of AQi feet spaa 
being $l,ti22, tlic cost of a truss of 520 feet Would be more than 
twice as great per lineal foot, according to tbo above extract, or 
83,244 per lineal foot, or ?l,(!8t;.88(l for the whole span. 

If we introduce the same prices for the same materials, used in 
this estimate, into the estimate for the ribbed arch of ;)1S feet span, 
as far as applicable, and allow the same per-contage for conti n- 
gencies, we obtain the following comparative estimate of cost i 
superstructure for an arch of 51.0 feet clear span : 
C«st Btecl 818 tons in arch jaao (tO- $271.8 
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Contingencies, 23 per cent 137.008 

Total- $(m,818 

Or, 81,2M per lineal foot of Bridge. 

- The cost of a ribbed arch of 500 feet span would therefore 
J(il6,500, or gl. 070,880 less than the cost of a truss of the 
span on the plan approved by tlic Convention.* It may bo said tl 
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the prices in tlie truas estimate are higher than those at which the 
work could be executed. This may be true, but on the other hand 
the eatimate for the ribbed arch here given ia ^154,263 more than the 
actual estimate oE its probable cost to be found In another pare 
of this report, and wfiieh is based on proposals from reliable parties. 
By the latter estimite its coat per lineal foot is 5934.09. 

Comparison of the Cost of Superstructure {from Levee to Levee) of the 

Bridge, approved by the Board of Civil Engineers, with the Cost_of 

Superstructure of the Arch Bridge : 

The Bridge approved by the Board of Civil Engineers consists of 
two tniases of 3ti8 feet each, and four trusses of 264 feet each (from 
Levee to Levee). 

The cost of a 364 feet truss, as before stated, is $1,622 per 
lineal foot, and the cost of a truss of 244 feet span is, according to 
the same estimate from which the above figures are quoted, 
$243,805 51, or $1,000 per lineal foot. Even assuming that the 
cost of a ti-uas of 264 feet span (for which we have no estimate) 
would be the same per lineal foot as that of a truss of 244 feet, 
while it evidently would be more, the cost of superstructure of the 
truss bridge (between levees) would then be: 

2 Trusses of 38S feet ($1,1522 per lin. foot) $1,180,902 84 

4 Trusses of 264 feet ($1,000 per lln. foot) 1,050,000 00 

Tolnl coat of superstructure £2,236,902 84 

Your Bridge reqnireB, between levees : 

1 Span of 515 feet ($1,233 per lin. ft;.) f 635,318 75 

2 Spans of 407 feet ($1,233 per iiu. ft.) 1,226,603 00 

Total cost of superstructure $1,860,930 75 

or nearly $400,000 less than the tmaa bridge approved by the Con- 
vention. 

If, instead of the two trusses of 368 feet span, and four trusses 
of 264 feet span, one trusa of 500 feet span and five trusses of 244 
feet span each had been adopted, the cost oE superstructure would 
have been as follows : 

1 Span of 500 feet $I.6S7,000 00 

5 Spans of 244 feet (1,000 per Iiu. ft.) 1,220,000 00 

Total eoKt of aiiperstrnetnre $3,907,000 00 

or $670,000 more than if built on the plan recommended by the 
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Boanl of Civil Engineers, and 81,ll46,0llU inoro tlian on ihe plan 
iidopted by you. 

Thut the cost of a 5011 feet truss is not stated too high in the 
above coinpiirison, is proved hy the statement, contained on page 43 
uf the Report of the Board of Civil Engineers, that the construc- 
tion of the truss bridge, with a span of 51)0 feet, would involve an 
extra cost of about threo-EourtLs of a million of dollars (JToO.OW), 
while, according to the 6gures adopted in our comparison, the dif- 
ference is $670,000 only. 

I have no means of knowing the exact estimate for the substrac- 
turo of the truss bridge, but it is stated, on page 82 of the Report, 
at 82,541,007. The estimated cost of the substructure of your 
bridge, including its approaches, ts $2,Oij0,477.*24. 



SrSPRNSION AND UPRIGHT ARC^II BRIPfiKS. 

Although great difference oE opinion exists among engineers as 
to the safety and durability oF suspension bridges, aud also as to 
their fitness for railway purposes, I heliuve they very generally, if 
not unanimously, agree that for long spans, that method of bridging 
is of all others the most economical. 

It is because of this acknowledged economy of the suspendod 
nrch in bridge construction, thit I propose to draw a comparison 
between it and the upright ribbed arch, and to support with a tew 
undisputed facts the proposition (based upon recent investigations 
of the compressive strength oE cast steel) that an upright arched 
bridge for railway trains may bo mare economicalli/ constructed 
with cast steel by the method adopted in your Bridge, than is 
possible with the suspended arch, the length of spans in both cases 
being equal, and both being required to possess the same ability to 
resist deflection. This comparison will I think, vindicate my reasons 
for not wishing to adopt the suspension principle in your Bridge. 

When iron or steel is subjected to any strain, either tensile or 
compressive, the material is lengthened or shortened in proportion 
to the force exerted. When released from the strain it resumes 
its original length, unless the force exerted exceeded its limit of 
elasticity. If this occurs, the material receives what is called a 
permanent set. In proportion as the piece under strain is length- 
ened, its diameter is reduced. When permanent set occurs, it fails 
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its diameter as well as its lengtli. Its fibility to sustftin 
Br repetition or continuation of tensile strains, after loss of diameter 
occurs from permanent set. is proportionittely lessoned, and by fro- 
:quently repeating the load that produced it, the material will be 
p-firaotured. Sometimes a less one will, after a few repetitions, break 
^tbe metal. When the piece is subjected to compressive strain, these 
L conditions are reveraed. The piece is shortened under the action of 
:e, and its diameter is iuuroased. Permanent set, by in- 
LcreEksing its diameter, . incrcaseti to a, certain extent its ability to 
I resist the same force repeatedly applied. 

If from any cause (for instance an en-ur in workmanship), » 
I memher be subjected to a tensile strain beyond what it was designed 
rto bear, such strain may exceed the limit of olaatieity, and sooner or 
l*Iater it will snap asunder, and possibly cause the destruction of the 
f Bridge. This was probably the reason why the Bollman truss (a 
I rigid suspension bridge) gave way at Zanesville recently, under a 
I much leas load than it had been tested with, precipitating a loco- 
motive and train into the river below. This could not occur with a 
member in compression, for if its length were so proportioned (as it 
should be) to its diameter as to insure crushing or permanently 
shortening without bending, the piece would be shortened by the 
I extra strain, but would still perform its duty safely, as long as any 
I other member of the structure. 

'e have no proof that iron or steel, when under compres- 

, is any more liable to fracture by sudden jarring than when 

F at rest ; or that their strength, ia at all impaired by vibration when 

t under compression. We do know, however, that they are more liable 

I fracture bj sudden jarring or concussion when under tension, 

[ that their strength is impaired by continued vibration under tension, 

I and that the liability to fracture by sudden jarring under tension 

i with the increase of strain. The careful engineer, when 

f using these materials in tension, will therefore leave a large margin 

within the elastic limit for safety; but for compressive strains, 

I he may base his calculations on using them to the full limit of 

elasticity with entire safety. Cast iron is shown by Rodman to 

take a permanent set with 7,0'l() lbs. pressure, and many kinds with 

much less, and yet it is used in bridge construction by eminent 

engineers to 10,000, and even to 12,000 lbs. on tho square inch in 
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coropresoion ', while wrought Iron is rarely used in tenaion bejroDd 
10,000 or 12.000 lbs., althuiij-h it will sund from 18,(I(M) to 25,)>00 
lbs. hetore pormanent setcccurs. 

Cast ste^l being much more homogeneous, aud capuhle uF being 
manufactured of any given ([uality with much greater certainty 
than cast iron, we arc more fully justified in using it in coniproisiuii 
up to the limit of its elasticity than wc are in using cast iron. 

By rolling and hammering cast steel, its strength is greatly 
increased. By tempering it in oil, Kirkaldy found Its tensile 
strength increased 79 per cent. Hardening it increases the lituil 
of elasticity of the material both for compressive and tensile strains, 
but also increases its liability to fracture by concussion when nuder 
tension. By being wire-dravrii, it is possible to increase its iiltimMC 
tensile strength to 260,000 lbs. to tlie sijuure inch. Fairb&irnN 
recent experiments prove its ultimate strength in uomprussioii to 
be two and onc-tontb times greater than in tension. 

The limit of elasticity of mild rolled steel is about ;>0,000 lbs., but 
it is ordinarily used only to 211,000 lbs. by engineers for maximum 
tensile strains. By wire-drawing, it could probably be safely used 
to twice or thrice that strain. Hammered cast stoul, designed fur 
tools, when tempered, will sustain a crushing force of Tiunrly 
400,000 lbs., and ita elastic limit will probably reach 120,))00 Ibe. 
It is possible that the atool prepared for stamping coins may con- 
siderably exceed that strength. 

Experiments recently made at the Washington navy yard I'or me, 
through the courtesy and under the careful supervision of Chief 
Engineer Wm. H. Shock, U. S. N., Chief Engineer of the yard, 
show tbo elastic limit of sixty-eight samples of rolled cast steel 
under compression to average 55,008 pounds, and eight samples of 
rolled caat steel, each one inch in diameter and twelve inches long, 
to average 75,197 pounds per square inch. This steel was all of 
the ordinary tool steel of commerce, and made in Pittsburgh. 

These factfi show that the elastic limit of cast steel is greater in 
compreaaion than in tension, and that this limit can be increased by 
proper manipulation of the material, for compression as well as for 
tension; and that wo can use its full limit in compression, while 
we dare not go much beyond one-half of it in tension. How much 
the available difference is, in, tbe present state of our knowledge of 
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the manufacture and treatment of the material, will only be shown 

by careful experiment to discover the steel best suited for each use. 

Enough is known, however, to assure us that the limit of elasticity is 

ber in compression than in tension, and if it were no greater, we 

cannot avail ourselves of more than 50 or 60 per cent, of this limit 

I in tension, while the whole of it can safely be utilized in compression. 

I will now proceed to examine whether there be any conditions 

[ involved in the use of the upright ribbed arch that will counter- 

[.balance the advantage to be gained by using the material in com- 

[ presaion. 

This investigation involves the inq-oiTy, Jirslli/: will the structure 
1 require more material by using the upright arch thjin the suspended 
I one ; and if so, how much more ? And secondly, will its conati'uc- 
I tion and erection be more costly '! 
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If tbe upright arch, A B, and the suspended one, C i>, (Fig. 
' 11 ) be each supported upon the points E F, and are each of the 
I same form and weight, the compressive strain throughout the upright 
I arch will be exactly equal to the tensile strain throughout the sus- 
'' pended one. The weight of the upright arch will exert no more 
I power to force the points E F asunder than the weight of the aus- 
f pended arch can exert to pu!! them together. Hence, the tensile 
f Strain borne by the metal of the suspended arch at C and D muat 
f be exactly equal to the compressive strain on that in the other at 
1 A (ind B. These facts being incontrovertible, it follows that if 
\ tbe upright arch be made of a material whose compressive strength 
► is twice as great as its tensile strength, it will with equal safety sus- 
f tain, with one-half of the material, iis great a load as the suspended 
arch, so long as the form of its curve is preserved ; because a bar 
t of cast steel one inch square will safely sustain onSy 25,000 lbs. if 



the weight lie suspended hy it. while it will safely Hustain 5U,000 
lbs. if it he pltM'cil under the lout] in the niAnner of a post or 
column. If steel were but oue-half stronger in compresBion than in 
tension, then twn-thirds of thu materifil only would hi- vequired to 
give the same strength in the upright arch that would be retjuirAd 
for the HUDpendeil one. In that ease, a,\\ upright areh liaving I.IIUO 
ions of east nteel properly liisposed throughout itw length, would 
sustain an great a load us 1,501.1 tuns in the suspended form. (T 
avoid complicating the explanation, we will eonsider the weigl)fe| 
the bridge itself, imd the loail it liears, together. ) 

I admit that the upright arch must be more tliuroughly braced thui 
the suspended one, hut we ahuuld in this instance have bW\ tons of 
material to spare for this purpose, between the abutments alune, 
for the steel does not cease nt the towers in the suspended iLrch, 
but continues on over thein, and usually half a span beyond thsm 
on each side, to the anchors; whilst with the upright arch it sto 
lit the abutments. 

The advocates of the suspension principle will assert that the ii 
ence r>F gravitation maintains the suspended arch in position ngsiHJ 
lateral movement, while the same influence would eaus« the other 
to topple over. This is, however, oidy true where but one rib of the 
arch or one cable is used, and nuly affects the argument where the 
hpan IS greatly dispropm-tioned to the width of the Bridge. The 
ingenious device ti> give lateral stability to Nuspeiislon bridges will 
be equiiUv elTective in imparting it to the ujirignt arched bridge of 
great span The method adopte<l is to keep the points from which 
the Lables are suspended widely separated, while the latter arc <lrawn 
more closeiy together at their points of gi-eatest depression. This is a 
reversal of the method proposed by Telford for liis great east-iron 
arch over the Thames, \\n the conditions in the suspeudcd arch are 
exactly reversed. The ribs forming the upright arch, where the 
span is very great, would be placed widely apart at the abutments, 
and from thence would gradually incline toward each other until the 
summit of the bridge is reacheil. By spreading the arches at their 
bases, and fastening them to the abutments, we obtain even greater 
security against lateral flexure in the upright than in the suspended 
form, for each rib of the upright spaii springing from the masonry 
acts as a rigid brace, held at ita lower extremity by the weight o£ the 
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abutment, ami is competent to reaist either tensioa or compression. 
In tbis case, resistance to luteral flexure would come from the weight 
of the ftbutmeiitB, while in tbe suspension bridge, it comes only from 
the gravity of the auspeuded mass — the resistance of the flours or 
horizontal bracing being the same in both cases. 

The upright iirch requires to he thoroughly braced to prevent a 
change of fnrru under the moving load, as the flattening or straight- 
ening of any part of the curve in it tends to decrease its strength, 
whilst the curve of the suspended arch may be changed in « greater 
degree without endangering the structure. For railroad purposes, 
however, this could not be permitted in the suspended arch to any 
considerable extpnt. 

In the upright arch, the parts lying between the centre and the 
abutments, called the haunches, mutually balance each other, and 
the imposition of a load on either haunch, if the arch he flexible, 
causes the other Co rise, while the one sustaining the load is propor- 
tionately depressed. When this change of its form occure, the 
centre of the arch moves horizontally towards the unloaded 
side ; but if we prevent the centre of the arch from moving 
horizontally, the haunch cannot he depressed with the load equally 
distributed over it, except to the slight extent that is caused by the 
shortening of the steel under the compressive force exerted by 
the load. This movement is prevented by dividing the mass of the 
arch into an upper and lower member, and bracing these so effec- 
tually that their relative positions to each other cannot be altered 
under the severest strains to which they can be subjected. This gives 
stiffness to the haunches, and when one is loaded it is not only 
supported by its own rigidity, but by that of the unloaded one also, 
because the one cannot be bent downwards without bending the 
other upwards, and therefore the effect is really the same as though 
the load on one haunch was borne by two arches of but half the 
real span. This stiffness prevents the horizontal movement of the 
arch at the centre, anil this is farther prevented by securing the 
upper roadway of the Bridge to the crown of the arch, by which any 
horizontal movement of the arch would be transmitted through the 
roadway and resisted at the abutments. 

The moving load affects the equilibrium of the suspended arch less 
^ttiao the upright one, but it nevertheless disturbs it to an extent that 



requires a. certain amount of bracing lo prevent it from changing the 
form of its curve ; and therefore all the bracing required for this pur- 
pose by the upright arch must not be counted against the latter in com- 
paring the relative economy of the two systems. 

Mr. Roebling says : " Wire cables, if guarded against oscillationB, 
and not exposed to an undue tension, may be looked upon as oE 
indefinite durability. Severe friction, short bending, constant 
vibration, high tension, and frequent shocks, will soon wear out 
the best material. The more we can reduce these exposures, the 
greater will be its durability." To preserve a suspended arch 
against ultimate destruction, it is tlierefore important to maintain 
its form against repeated alterations as far as possible. 

The difference in the cost of erection of the arches would be con- 
siderably less for the su.spended one than the other. The ribbed 
nrch, however, can be erected without the use of false works beneath 
it, and is of all systems (except the suspension) the most cheaply 
erected. The ribbed arch with fixed ends may be self-sustaining 
for more than one-fourth of its length from each abutment, and tbe 
remainder can be put together by suspending it from cables sup- 
ported on small temporary towers upon the abutments. It would 
be unnecessary to have these cables of a size sufficient to bear much 
more than the upper or lower member only of the rib beyond the 
point at wbich the arch would be self sustaining. If that were 
completed before the other one was put up, it woubl then aid in 
sustaining the other members required to finish the arch. The upright 
ribs would require to be braced from one to the other laterally, which 
would not be necessary if they were suapendeil. This however lessens 
the amount required in the roadways, while the lateral bracing required 
in the roadways of the suspension bridge cannot be much less. 

The greater cost of the erection of the upright arch could not 
possibly equal the cost of the greater quantity of material required in 
the suspended one between the towers. As was before stated, however, 
the excess of material required for the arches or cables of the sus- 
pension bridge is not confined to that required in the arches between 
the towers, for these cables must be carried nearly or quite half 
the span beyond the towers on either side to the anchors, while 
the upright arch ceases at the abutments. This is more clearly 
shown in the accompanying wood cuts. The material required to 
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extend from one unchor, and over the tonero tn the other one, is usually 
double the leugth of the suspended arch, and it must be of equal cross 
section or itiametev with that between the towers. If it be less than 
doable the length, the portioiw beyond the tower« miist bo greater id 
Hectional )ire». Now, if the tensile strength of the steel be Avuiliable 
to the|extcnt of but half what it would t)0 in compreesion, and doable 
the length of material be req^nired in the suspended arch to reach 
frnin anebor to anchor, it must follow, (exaluding all iiucstioa of 
cost of bracing the two systems,) that there will be four times ib 
much material required from anchor to anchor in the suspension 
principle, as is needed in the upright arch between the abucmentB. 

It will be claimed that the extension of the cables heyoml the 
trowers gives support for tht; approaches. This however utilises 
but a small portion of their cost, for a much less expensive method 
of approaches is almost always practicable. 

In the item of masonry, the upright arch liits the advantage. 
as a glance at Figs. 12 and IS will prove. If wo assume that 
the two spans lietween the abutments iind thu towers arc of equal 
weight, and the rise in one tirab be ei^ual to the dcSeetiun in the 
other, then the compressive force at A B is just ei|uiil to tho tensile 
force at G D, and as the cables rest upon movable saddles on the 
towers, the tensile strain at C D will be the same at E F. This 
pulling strain at E F is therefore just equal tn tho thrust ur com- 
pressive strain at A B. It will consequently require the same 
resistance to counteract it, thtu will be required at A B to resist the 
thrust of the arch, with this important difTereuce — that the thrust of 
tho arch is a downward pressure, tending tn add weight to the 
masonry below the arch, and thus inereaso the friction of the miuis 
(which is its element of resistiince), while the strain of the cable in 
an upward one, and is in the direction to diminish tbiK resistance. 
Assuming that the masonry required for the abutments be equal to 
what we require for the anchorage of the suspension bridge, then 
the masonry contained in the two towers supporting the cables will 
be that much more than the upright arch requires. OF eourse 
these propositions will be mure or less favorable to either system 
in different localities. 

If it were admitted that the material could ln^t be used in com- 
pression with any higher value of strength than m tcTision, \sv would 



still be able to proviiie tbe excess of bracing required in the upright 
arch, and the difference in the expense of erecting it, B.t less cost 
than is incurred by the other system, because o£ the necessity of 
OBirying the cables beyond the towers ; and we would in that case 
saving in the cost n£ mapoiiry by using the upright arch. 

In the cost of construction there can be but little difference. If an 
extraordinary high tensile ati-ength be obtained in the steel to econo- 
mize the quantity reijuired, it would probably be used in the form of 
wire, and this would increase the cost of fabrication. In the form in 
rhich I propose to use it, three-fourths of the quantity required will 

used almost as it conies from the makers, in bars about nine feet 
mg, each weighing about 130 pounds, and three cents per pound 
extra will pay for finishing it ready to go into the structure. 

I think all these facts clearly prove the economy of the upright 
ribbed arch over every other system of bridging with long spans. 

The chief secret of the greater economy of iron suspension 
bridges rests in the fact that the limit of elastioitj- of iron wire is 
far greater in lension than the limit of plasticity for any form of 

m known (except steel) when used in compression. Caat steel 

'erses this condition of things, and the adoption of it in brieve 
construction must result in reversing this advantage of economy and 
giving it in favor of the upright arch, and thuB enable us to make 
spans of equal if not greater length, and with rs great safety, as 
by the suspension principle. Mr. Roebling asserts that suspen- 
sion bridges may be safely made of iron wire of half a mile span, 
and that when steel is used in their construction, nearly double this 
span may be accomplished with equal security, 

MANNER OP USING THE STEEL. 
To obtain the highest value of cast steel in compression, with the 
greatest economy in construction, I think it should be used in the 
tubular form. Although cast steel tubes have been recently drawn 
cold by hydrostatic pressure in France, from steel expressly prepared 
for the purpose, I can not learn that the process has been carried to 
any extent beyond the production of gun baiTcls. It is quite possi- 
ble that this method may in the future, furnish steel much superior 
for bridging to anything we cbji now obtain. I have but little doubt 
that methods of manufacturing and tempering steel in this form, 
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for bridge conBtraction, will aoon be discovered, by which a much higher 
value of strength may be safeiy used in construction. As the use of 
cast ateei in bridge building is comparatively in its infancy. I have 
deemed it proper to use the material at a much safer limit as regards 
its ultimate strength than my judgment would otherwise dictate. I 
feel assured that the structure would be entirely safe to bear a. far 
greater load that can be placed upon it, if its arches contained 
but one-half of the steel that will form them. When this maienal 
comes to be universaDy used in bridge construction in the place of 
wrought and cast iron, as it inevitably will be because of its greater 
economy, the very large margin for safety provided by the liberal 
use of this material in your Bridge will be more fully appreciated. 

To insure a uniform quality and high grade of steel at the lowest 
prices, and at the same time avail myself of the advantages of the 
tubular form of construction, I propose to have the steel rolled for 
the arches in bars of nine feet length, and of such form that ten of 
them shall fill the circumference of a nine-inch lap-welded tube 

inch thick, in the manner that the staves of a barrel fill the hoopa. 
This would virtually form a steel tube nine inches in diameter and of 
six inches bore, the steel being about li^ inches thick, and would he 
much less expensive than if the tube were rolled or drown in one 
piece. The manufacture of the steel in such small bai-s will insure 
a more uniform quality in the metal, and in the tube each bar will 
be supported against deflection in every direction. The tubes will be 
retained in their positions by an effective system of bracing, which will 
sustain the voussoirs, or pieces against which the tubes are butted 
throughout the arch. The upper and lower members of each arch will 
each be formed of twp courses of these tubes, from end to end of 
the arch, each tube having a sectional area of 36 square inches at 
the summit of the arch. As each span would he made up of four 
arches, and each arch of four of these tubes, the span would have 
an aggregate sectional area at that part of 576 cubic inches of steel. 
The tubes, for about 20 feet of their lengths nearest the abutments, 
would require one-half more sectional area to resist the greater 
strains at those points. The tubing in which the steel bars would 
be inclosed would effectually protect the latter from the weather, 

I am gratified in being able to state that proposals from several 
of our leading steel makers in the United States have been received, 



and also from sonie of the most celebrated in Europe, among whom 
I maj name Naylor k Co., of England ; Petin, Gaudet & Co., o£ 
France; and Fred. Krupp, of Prussia; all offering to furnish the 
Hteel, and agreeing to guarantee its strength fully up to the standard 
required. 

The importance of being guided by the very best lights that can 
be obtained from practical and careful experiment, and the great 
interests involved in the safety and permanency of the structure, fully 
convinced me, at the inception of this enterprise, of the necessity of 
instituting a careful series of experimental tests of the materials to 
be used, and also determined me to have every part of the structure 
thoroughly tested to a degree of strain much beyond what it can by 
any possibility be subjected to when in the Bridge. 

For this purpose, I am having a powerful machine made, that will 
le capable of carefully testing every member used in its construction. 



ESTIMATE OF COST OF THE BRIDtrE. 

I. SUPEBSTRDCTUBB OF BRIDGB . 

One Areh of 515 feti span, 

848.05 tons of cast steel, in ribs, at $3aO„ $271,376 M 

158.13 '• wrought iron, in ribs, at $200. 31,624 00 

3T3.99 " rolled iron, inriba, at $140 52,358 60 

60.56 " cast iron, in bed-plates, at $80 4,844 80 

f. 196,000 feet, b. m., pine timber and plank, at $50 per M S,S0O 00 

23,000 ■' oak •' •■ at $70 per M 1,610 00 

19X squares Nicholson pavement, at $20* 3,830 00 

B4 tons of spikes, bolts, etc., at $130 4,030 00 

7 ' ' cast iron, in roadways, at $80 5fl0 00 

26,600 square feet lining, of galvanised iron, at 20c 5,300 00 

1,060 linear feet of railing, at $6 6,360 00 

1,060 ■ ' cornice, at $1 50 ^ 1,580 00 

Painting „ 12,000 00 

Baialng 30,000 00 

Testing-. 12,000 00 

Engineering and conUngenoleB, lOj** 43,733 34 

Total $481,055 74 

Or $931.0» per linear foot. 

• Thei C09C of the plank floor, on whicb. ttie tjlouka of the pavement reat, ia eetlmated 
KMpaiately. 

The oontlngEDclea have hsen eethnaled ut onl; 10 per cent, in this aUBe, becaosB, as 
reutated, Uie prices foe material atiil worlumuiBhlp Id the uatlmiitearB buaadon aotiul 
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1.750 OB 

nooo 

i.omoa 

2,348 00 

700 40 



Hurnnmr)/ of OmI of Suprritnteitirt. 

iw itMli "f mtftft „ _... 5481,066 74 

•u «|Miit i,r 4W fMH MMh „. 934.818 16 

whur riiil«. , 30,080 00 

iliuoii iii<riii-i' nil lAnn UM'I nbutrouiilK. 8,403 40 



I'lllHl •■ 



■ »|li 



...$1,400,418 30 



II. HuavniucTriint.* 

I'HIhiiIH. |i||i>», Mill] «i>l1Vr-llltm S13-2,71KI 01) 

Hliikliitl ohImiiiiii mill iMiiiililiK-ry ita.OOO 00 

I'l'nilM'llIlt Ullil |milt|illl|t H7,600 00 

I iiIIW-iImiii |ii|> whI HlluUunut 18,000 00 

O.ITN «»l>1i' yHiiUimiiiintH, KttH 41,424 00 

nn.lllN " IhiiMlnnc miHoiiry, at $14 774.463 00 

11, Tim " amiililuiiti inMoiiry. at $1G &i),700 00 

n.lini >> itmiillt! iiinMiiiry, at $83. 163,-261 00 

IUii||liiii>ilii|| Hliil tiiillliiKriii'lnii. 10 pur <Miit 2O0.8S0 00 




lU. APPSO ACHES. 

IS, 000 cubic yard » earth excavation, at 35c 

200 • ' rock excavation, at $1 50 

3,293 '■ limestoDn masonry, in approaches o 

leTee, at J14 _ 

8,257 cahic yards Bsadstoae masonry, at $15 „ 

1,244 " ^ftDit*: masonry, at $32, 

133 ■' cut BLeelinjf, at jlU- 

793 " L-oursed rubWe, at $9. 

4,788 •• rubble masonry, at $7 

518 " brick arch, at $12 

a,907 " brick masonry, at $10. 

5D9 ■ ' concrete, at $7 

20.7 " dimension stone, at $20 

S,BOS " broken atone ballaat. at $2 

1,440 linear feet piling, at$l 

131.95 tons cast iron, at $80 

307.6 " wrought and rolled iron, at $140 

■ 1.188 linear feet railing, at $6 
1.200 " " in trestle, at $3 
487 " upper roadway (including lining, etc., i 
Nicholson pavement), at $40. 

816 linear feet upper roadway (including lining), at $31 

518 linear feet lower roadway, at $22 

371,468 feet, b. m. . pine timber and plant, at $50 per M.... 

68,150 ■ ' oak plank, at $70 per M 

^B Staira, et«„ 

^^BStation on Third street and 
^^^bContlugentdea, 10 per cent. 

I 



Total... 



IV. TCNNIL.* 



r'118,4U0 cubic yards earth excavation , at 36e 



14,400 
4,272 

16,493 
3,380 



reOIling, at aOc... 



bHck arch, at $12 

coursed rubble, at $9... 

coping, at $40 

ballast, at $1 50- 



t 



4,031 

Sewers 

Land damages, ventilators, etc- 

Condngencies and engineering. 16 per 



S,088 00 
3.555 00 
9,80a 00 
2,128 00 
7,137 00 
3,166 00 
«,316 00 
9,070 00 
3,918 00 
414 00 
7,604 00 
1.440 00 
9,756 00 
3.060 00 
7.128 00 
:s.eoo 00 



0,000 00 
5.000 00 
7,308 84 



1.461 00 
2,880 00 
9,904 00 
7,916 00 
1.420 00 
2,320 00 
8,036 00 
5,000 00 
0,000 00 
3,640 65 



Total... 
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AesniDitig that ir th^ Bridge had been finished, and one-half of 
this qnantily (5 millions) had been brought over in railroad cars, 
and the other half only by teams, we would have, at 80 lbs. to the 
boebel. 200,000 tons; and for the other half, at 115 bushels per 
team, 43,4"^ teams, making the total of coal crossing the Bridge, 
200,000 tons in bulk, and 48,694 teams. 

RAILROAD AND POOT PASSENaEBS. 

The railroad passengers In 1866 (egnres of 1867 could not be 
obtained) coming to and from St. Louis, were 479,200. It U sufe 
to efltimate that 2,000 foot passengerft would have crossed the 
Bridge per day, making per year, 700,000. 

farmers' teams. 
There were brought by wagnns across the river in the year 1867 : 

Wheat 365..?-20 bushels. 20,000 teams. 

Barley - lO.OOn ■• 3.t0 ■' 

Com". 72,650 " 6,000 •• 

Oate,. 10.000 '■ 360 " 

Eye.- 7.600 ■■ 300 ■■ 

Flour 137,771 barrel*. 15,693 • ■ 



Allowing an average of only 100 farmers' wagour- per day cross- 
ing and recrusstng with vegetables, fruits, etc., we can add 36,500 
teams, making a total of 79,093 teams. 

HoasE RAILROADS ANI> PLEASURE CARRTAIiES. 

A double-track horse railroad, through the upper roadway of the 
Bridge, carrying an average of 1,000 passengers daily, passing 
through the principal portion of East St. Louie and connecting 
with the numerous lines centering at Third street and Washington 
avenue, in this city, will be in constant operation. Of pleasure 
oarriages, hotel, express, and baggage wagons, an estimate of one 
hundred per day is much below the present intercourse between 
the two shores. 



There were imported and exported to and from St. Louis in 1867, 
by three railroads alone, as follows : 



RATLBOAD FBBIOHT AND TONNAGE. 



he freight, forwarded t 
J by three different rail 
St. Louie in as follows : 



;nd from 8t, Louis durinj 
ds whiph have their term 



St. Louis, Alton and Terre Haul* 184,685 

Ohio and Mlasissippi 33:1, ITS 

Chicago, Alton and St. Lotiis 249.550 

Total Tonnagre I,0fi7.410 

^Lprom which dedur^t Cbni 300.000 

^H Total Merchandme 7R7,«0 

^^^ The quantity of coal brought to East St, Louis by rail does not 
all cross the river. A large portion is loaded into barges, and by 
them dischftvgod directly into steamers lying on tho Levee, and 
another portion is transferred by barges to thi« side of the river, 
from whence it in loaded into wagons and distributed among the 
factories and through the city generally, The largest portion is, 
however, bronght over directly by wagont . 

The Illinois and St. Louis Railroad and Coal Company delivers 
about 250,000 bushels of coal per month on the eastern aide of the 
river, of which 1-50,000 are aokl directly to steamboats, and 100,000 
are transferred in barges to the city, and from these it is loaded into 
wagons. The first item, being a direct transfer to steamboats, 
does not enter into our calculations, but it is fair to [iresumo that 
of the 100,000 bushels per month which are transferred in barges, 
and have to be loaded into wagons and pulled up the steep Lovee, 
one-half at least would be loaded into wagons directly from the cars, 
and cross the smooth, level Bridge with great saving to the teams, 
as well as in wear and tear of wagons. 

Assuming, therefore, that of the whole 250,000 bushels per 
month, only 50,000 wili cross the Bridge, wo have 600,000 bushels 
per annum crossing by wagon, at 115 bushols to a four horse 
wagon, making 5,'217 teams. 

One of our largest dealers and owners of coal mines delivers 
seven and a-half millions of bnshels in th's city, and tho other large 
dealers combined, about two and a-half millions, making ten 
millions of bushels ; all of which cross by wagon. 




4. Bach foot passenger on the Ferry now pays 5 cents. On dil 
Bridge the charge will he :! centa, and the delays incident to the 
ferry will be avoided. 

5. Farmers' wagona arc now charged 50 fonts. The BridgoN 
charge will be 40 cents. 

6. The charge for cattle is now 1:^} ceutd ; fur hugif and shoep. 
The proposed charges arc 1<) cents and 3 cents respcctively- 



4 cents. 



ANNUAL SAVINII TO rOMMKItrK. 



Had the commerce of St. Louis, in 18t{7, passed over the Bridge, 

the following amounts would have hcen savmt to imr inerchantH and 
the community : 

Sixty Cents dlflereiiec iu tru(iJH|)ijrl,lMC 7117,4110 t«.ii>. iiii^iuliiiiiilis.- $41)11,4411 

Keductioii of 10 per cent In tlio pricv or ooal, on tnn mlllloii 

bushels, at 15 cents IW.OOn 

The loss to Commerce through total Interruption on ■coonnt of Ice 

Is certainly not Iuhh tlian lOO.OOO 

The cheiipeniDg of fruit, ganien vevulMblas, and feed. GOiOOD 

480,000 Railroad imiiBBHgure at 36 oauts „ HW.OOO 

Malting a total of, *»WI.*« 

The above amount would have been saved to the cumniunity iti 
1867, if a bridge had been in operation at that time. In 1^7) when 
it will be finished, the saving to our citizens will amount to millions. 
This oatimate of revenue being based on ntattstioal tiguros, oHi- 
oial data and the most reliable inCuvmation, without reoourso to 
fantastic or high-wrought idoas, or imaginary prnflts, and giviiij^ 
a plain statement of the commerce and travel across Iho Uissis. 
sippi opposite our city during the year 1867, brings us to the con- 
sideration of the 

PttOBPBCTIVE REVENUK 

of the Bridge after its completion in 1870 or 1871. Ii is haroly 
possible for the mind to keep within cool, culculatin)^ bounds when 
contemplating the future of St. Louis, with her unbounded re- 
sources and unrivaled situation. Located in thu centre of a valloy 
of exhaustleas fertility, on a river which traverses thu cuntinenl, 
and on which hundreds of steamers are constantly engaged in 
pouring the treasures of that valley into her lap, she is now 
extending her railroads westward, northward, and southward, and 
will, by the time the Bridge is completed, become the recipient of 
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■ countlesB stores of metale^ coal, lumber, cereals, hemp, tobacco, 
and cattle, the prodacts of the favored regions which her extended 
railroads are approaching. 

The Southwest Pacific and Iron Mountain Bailroade are now in 
the hands of capitalists with ample meansj and will in the course 
of two years be finished, the one through the fertile prairies of 
Southwest Misaouri to the rich lead mines of Granby, and on to 
the Gulf of Mexico ; the other through the Iron Mountain, Pilot 
Knob, Washiuf^on, and St. Francis mines, to connect with the 
Southern nystom of railroads opposite Columbus and Memphis. 
The North Missouri, now within thirty miles of the State line, will 
soon enjoy an unbroken railway coramuDication with St. Paul. Its 
West Branch will also connect with the Union Pacific Railroad. 
Kastern Division, within the month of November next, and perhaps 
in twelve months more, with the Union Pacific, at Omaha ; this with 
the Missouri Pacific, already connected with the Union Pacific, East- 
ern Division, secures to St. Louis the two great trunk lines which 
run to the Pacific Ocean. The point of intersection of these trans- 
continental railways, with a majestic river flowing from the frozen 
regions of Ihe North almoHt to the Tropics, may be compared to the 
grand cross-roads of the American Continent. This intersection 
is made almost at the centre of the most magnificent system of 
inland navigation in the world, and almost in the very heart 
(whether considered geographically, or with reference to the 
extremes of climate) of the largest and most fertile valley on the 
earth. At this point St. Louie is located, and her fntnre can 
scarcely be over-estimated. 

The construction of this Bridge will stimulate the production and 
fabrication of iron, encourage the erection of manufactories of 
all kinds, and invigorate the whole industrial and commercial 
life of the city. Tt will make the thriving city of Kast St. 
Louis, a large and populous manufacturing place, where the 
artisans of this city can find cheap homes, and by which the 
iutei-course between the two, amalgamated in interest, will be 
kept in constant activity. The consumption of coal and its 
transport across the Bridge will be enormous, and no more 
embargoes by ice, which sometimes isolate us from the Kasl, 
render our ferries useless, and raise the price of fuel five-fold, will 
be suft'ered to palsy commerce and entail distress upon the poor. 

Taking all these facts into consideration, it is safe to assume 
thai at the time when this Bridge will be finished, and the com- 



yjiU><i m.i]r«>ibd*i wjiJ poor ikli tii^-lr v«ikilii of mliMinil and pradiif«f 
i&W our lap. to J>** Tmu«?p*:»rt»*>d Eai^t fccro** to* Brid^*, -whiit iih- 
l^t ^iiuiM will Mffid th*f prodTi'.-v of fj*T ixida«ina.! establiskmeiitf^ 
jafid fii/:Ujriif*i w«r-tw'ard at^.TO^ tb* ^AHit idcbwaj — wbeii pemoe and 
pr«^p4>rjty will a/id a fr*f*ii iriipui*^ v> fnterpri-*- «sd t>r»min*rt* — 
ttiai xhti ratio of* jrjc'r«i*e iij I'd wilJ Ue at i«fc«t 50 per ^ieti. 
ov^r that of 18^7. Nothirj^ IrjTjt** oomm.er&e m* mneh a« laeilitk* 
of traii^iportatiofj ; rjothio;? ijjrJvb* p>palatioD *<• mueh as faeilitSef 
of ^>^>riirnurjicatiorj. The ref>eipt* and r^rr^fniie* of the ferry eompa- 
fii<>«> afford not the rftaox^^t criterion bj wbieh to ealcnlate tie 
pr^/«*peetive revenue*? and receipt* of *ach a Bridge. Thej can 
only he dependM upon a^ establishing a mini mam estimate, for 
we ini^ht a^ well cal';uiate the pro*pe<?tiTe receipts of a railroad br 
taking a« a ba«i*^. the toli« of the country turnpike along which it 
paHi^et*. 



(lonniUii£f therefore, 'Vj per cent, increaj^e as a perfectly 5 
basiH, the receipt^ of the Bridge would be $1,136^60 in 1871. 
Calculating the receipt** of the Bridge, however, when fir^t opened 
to be only one fnillion of dollarn, it will «(how the following 
financial rci^ult^*: 



ToUl co»*t of Bridge. Land, and Approaches, (efstimated oo<«t 

\H'\uf[$4Aiff'.*'f'»'h *»y $4,500,000 

Ifitcrent at ft fier cent. . f/old, for two year» on half the sum 270,000 

Prerohim on ^'ild Ui \>er t^cnt « 106,000 

Total f;o«t ^,878,000 
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4,(K)() hondK of 1,000 each, bearing 6 per gold cent, interest, at 

•♦$0M)/'(5 per (M'nt. di*»count) $8,800,000 

Full paid Mtock 1,000,000 

litMnnanti) of valuable Htrlps of land avalliable after condemnation^ 150,000 



$4,950,000 



• This mnount 1h much bolow what will likely be realized from the sale or rent of con- 
liriniifd property, which will remain in strips, unavailable for bridge pujposes, but of 
gvithl proip^otivo valut. 



1867. 1871 . 

B stated above S757.507 f 1.000.000 

s interest _$27O,0O0 

' premium on jcold 108,000 

' 1 per cent, ^inidnjr fund f 40,000 

* offlm MilarleB 3U,000 

) npain 20,000 

B. police, eta 10.000 

$408,000. $468,000. 

iiiK a surplus on estimate i.f 1867- $289,507. 

lfi71 $532.0011 

|llt will be readily seen that, renting even on the incredible 
pBiimptiQn that the receipts of the Bridge will not exceed one 
fnillion of dollars for the next thirty years, the bonds will all bo 
paid, and the Bridge bo free of deht at the expiration of that time. 
In the eHtimate of expenditnreB, the item of 40 per cent, pro- 
minm on gold is included, amounting to 896,000 annually, which 
Ib to diminish gradually and with certainty, and will cease 
entirely when specie paynaent is resumed. 

Whatever shajio the financial policy of the Company may assume, 
I feel safe in stating that rarely has an enterprise been inaugurated 
which appeals so strongly to the support of our citizens of all 
classes, which promises ao much to add to the welfare and pros- 
perity of the city, and which offers such a aafe and remunerative 
return for the labor and capital invested in it, 

CONCLUSION. 

The contract for the entire maeonry oii the Bridge hns been 
awarded to Mr. James Andrews, of Allegheny City. This gen- 
tleman has had great experience in similar undertakings, and 
enjoys a high reputation for skillfulness, energy, and faithful- 
ness in the prosecution of his contracts. The masonry thus far 
executed has been constructed by him under this contract. 

I am under many obligations to Mr. Wm. H. Shock, U. S. N,, 
Chief Engineer of the Navy Yard at Wasbington. for the \-ery 
careful anil interesting series of experimenta with cast steel made 
by him for this work at my request. Those experimeuts were 
made with the testing machine used by Col. Rodman, U. S. A., in 

t An anaUDl glokliig fund of ftlO.oaa at compoond 6 per oent. inCereat, wUI rp&llze In 
Ihlnj- years »4,3:b,31b, aiifflcleat to pay olT tbt wtiole boniled detil. 
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his well known ejiperimentB on cwt iron for cannon. TW result* 
obtained by Mr. Shock have been before alluded lo in this report, 
and are very valuable as defining the limit of elasticity in the varioiu 
samples of crucible cast steel tested by him. thus giving assurance 
that by using the steel in the manner I propose doing, wo arv far 
within the limits of safety. 

The work in the drawing room has been chiefly executed by Mr. 
Wm. Rehberg, C. £.. &nd the remarkable neninesA and precision 
observed by him in this important part of the work, has relieved me of 
much care, and entitles him to the kind consideration of the company. 

The first stone in the construction of the Bridge wan laid upon 
the bed rock of the river, within the coffer dam inclosing the sit* of 
the western abutment, on the 25th of February, lKfJ8, in the presence 
of the President. Directors, and several of the Stockholders of the 
Company, and of the Mayor, Hon. Jus. 8. Thomas, and m&ny 
other prominent citizens of St. Louis. 

I cannot close this report without availing myself of the opportu- 
nity it affords of expressing my grateful appieciation of the 
unwavering confidence and eupport I have received from ihe 
Uirectors and Stockholders of the Bridge Company, Iriim its 
inception to the present time, during which period the plans adopted 
by you have been subjected to a degree of public and private 
criticism and misrepresentation rarely attending such enterprisen. 

Ilespectfully submitted. 



Your obnlicnt servant, 



.lAMKS. H. KAUS. 



i iu.a. XlHt. Loiijs Bkih 
Jane 1st, lRft8. 



■■CBRTIPrOATE OF CHANCELLOR W. OHAUVBNBT, LL.D.. 

Tning lAe eoiYecllUlia of i/te Scienlific lavelHgaiioiui inii Computatioim m 
for ihe Hridge. 



r. Louis, May 2, 1868. 



B. Eadb, (yUef Bngiiieer lUmoU and S 



Loi 



• Sir— III compltauee witli your request, 1 have carefully I'saiuiupil 
ical inveatlgatioiu) and the uomputatiuns made iu yum- uffl<ie lor 
the construction of the St. I^uis Bridfre. These iiiveBtigations relate to Hie 
stability and safety not only of the steel arches, but also of the piers and 
iibiitnients by which they are supported. They arc based upon established 
prineiiiles, aiid are entirely correct. They prove not only that the arches 
will !iuppurt them«etves and any load tiiat will ever be placed upon them, but 
:ds« tli^ki. Lhey will withstand the additional strains that can be produced by 
the ;;reati;ijt (^uppoeabte increase of temperature (cauBing an expansion of 
the steel), or by the action uf tlie wind in the most vioteat storms. Tlie 
piers and abutments are pi-oved to be more than sufficient tusiislAin, 1st, 
Ihe arches themselves, with their luaximnm loads; 2d, the^ii!at«st siippo- 
sablc pressure of the water iu the highest stAge of the river and with the 
swiftest curretit; 3d, the additional force resulting from the action of wind 
upon tlie whole superstructure; -ttli, the greatest, possible pressure csertud 
by accumulated ice. In short, eve ly question iavolvinfj in any decree the 
stability and safety of the Bridge in any of its parts, is examined, not merely 
by means of rough approximations, but by the most preetse application of 
mathematical pi-iiieiplcs which tlie nature of the rase will permit. 

As I have not only examined into the correctness of tlie prineiplef involved, 
but have also vcnUed ill tl e n mcri kl eomputatioiis, I take pleasure in ex- 
pressing to you my ent re c It ie ee the eun-oetness of yom- eoncliisiuns. 
The Bridge erected ii accorda e viti theni will be a new triuropli of tin- 
(Clence of eugluceriug, d ho o t our city. 



|c tf 11} yuui'obcdleuL: 



WM. (JUAUVJiNl-^T. 
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4 THEORY OP THE RIBBED ARCn. 

of a free arch. AI30 in the central parts of the arch the strains were 
found to be more uniform, and for partial loadti corresponded more 
nearly to the case of a load uniformly distributed over the whole arch, 
though they were greater near the ends; indicating that the sectional 
areas of the ribs for the groater part of the span could be reduced, if 
for a short distance near each pier they were increased, thus eifecting 
an important saving of material. This was true notwithstanding the 
fact that changes of temprature were found to produce much greater 
strains in the fixed than in the free arch. These results led to a third 
computation 

C. In this computation the arch was treated as circular, the ends 
were supposed fixed, and the ribs were assumed to be strengthened at 
the ends by increasinn^ their sectional area for a distance from each 
pier equal to one-twelfth of the span. In this form, it was found, as was 
anticipated, that the deflections were somewhat further reduced, the 
conclusions drawn from the second computation were confirmed, and 
the advantage of increasing the strength of the end pieces was fully 
established. 

We propose to give here the details of the last computation only, 
as the results thus obtained are adopted as definitely establishing the 
main features of the proposed bridge. 

THE FIXED ARCH WITH STRENGTHENED END PIECES. 

Fig. 1. 




If AOB (Pig. 1) is the centre line of an elastic arch any normal 
section of which as UNI is ^ symmetrical figure with respect to the 
centre line, and if different external forces are acting in the plane of 
the centre line, then the internal forces acting in the plane JIN on any 
portion AG of the arch have to be in. equilibrium with all the external 
forces acting on the same portion. These external forces may be sup- 
posed to be first reduced to their resultant, a single force /S acting at 
gome point ICin the normal plane. 



lafiuar of the ribbed abch. 

rig. -2. 




The force 5 acting at ICmny then be replaced by an eqnal force S 
(Fig. 2) acting at the centre of the normal section, anj a couple of 
forces whose moment M tends to pro'luce rotation about the point 0. 

Finally, tho force S may he replaced by two components .9' and S", 
one acting at O perpendicular to the normal plane, that is, in tlie di- 
rection of the arch at this point; the other acting in the normal plane, 
that is, in the directioQ of the normal to the arch at 0. The force S' 
produces a compressive or (ensile strain in the direction of the arch ; 
the force S", the shearing strain. These strains are supposed to have 
DO tendency to produce a change of figure of tho arch ; the strain S" 
not exceeding the limit of elasticity of the material, a proper sectional 
area of the rib being furnished, and producing only a small variation 
in tho length of the centre line which at present we neglect*; whiie 
the shearing strain S" is resisted by the cohesion of the material in 
the normal piano and bj' a suitable system of braces. 

Omitting for tho present the strains S' and S", let ua consider first 
the effect of the moment ^at the several points of the arch. 

The moment ^produces strains of the same absolute valoes above 
and below the neutral axis, compressive on one side and tensile on tbo" 
other side of thia axis. There results a deflection of the centre line, and 
hence Mia called the moment of Jiexure. 

If the vertical thickness of tho arch ia small compared with the radius 
of the arch, and if the strains do not exceed the limit of elasticity, ex- 
perience shows that a plane section i7A'"norm".l to tho curve of the 
arch before flexure remains normal to tho curve of the deflected arch. 
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If we put 

ip = the ancjle which the normal at O makes with a vertical 

line before flexure, 
^1= the angle which the normal at O makes with a vertical line 

afUr flexure, 
It = the radius of curvature bpfore flexure, 
p = the radius of curvature after flexure, 
8 = the arc AOj 
ds = the infinitesimal element of the arc «, 

the condition that the length of the centre, line, or arc -40, is not 
changed by the flexure, gives 

(1) d8= — Itdif = — pdcp^. 

The arch being conceived to be composed of fibres of infinitesimal 
thickness lying in the direction of the curve, the position of any fibre 
may be expressed by coordinates u and v, the axis of u being a hori- 
zontal line through O perpendicular to the vertical plane of the arch, 
and the axis of v being the normal line at O^ or intersection of the 
normal and vertical planes at this point. We shall assume that the 
axis of u is the neutral axis,* The condition that the normal section 
.^2V remains normal to the curve AO at O, during flexure, requires 
that fibres at different distances from the neutral axis should be com- 
pressed or elongated by quantities proportional to those distances, that 
is, proportional to the values of v. Conceiving therefore two consecu- 
tive normal planes to be drawn, the length of the infinitesimal por- 
tion or element of any fibre intercepted between these two planes 
will be, before flexure ds + vd(pj and after flexure ds + vd^^; the 
element has therefore been increased in length by {d^^ — d<f)v. 
If then 

• 

e = the modulus of elasticity of the material composing the arch, 

dudv will be the area of the section of the fibre, and s . dudv will be 
the force necessary to elongate the element ds + vd^ by its own 
length ; and hence the force necessary to elongate it by the quantity 
{d(p-^'—d<f)v will be 

ds + vd(p 



* For a straight prismatic beam this assumption is exact, and it is sutlicientijr correct 
for a curved beam whose radius is very great in comparison with its tliickness. 
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or substituting Rdcp for dSy 

d(Pi — d(p dudv. V 
d^ '^' B+v ' 

and the moment of this force about the neutral axis is the force multi- 
plied by ^;, i. e., 

dcp^ — d<p dudv, v*^ 
d(p B + v 

The total moment JbTof all the fibres is therefore 



,-. rZ^i — d<p rr dudv, v^ 

d(p J*f B4- v 



dip JJ B-\- 

the limits of the integrals being determined by the form of the normal 
section. 

The figure of the normal section being symmetrical with respect to 

dudv V ^ 
the neutral axis, the values of — — — ^ — at equal distances above and 

B + v 

below this axis will be 

dudv. v^ J dudv, v^ 
and -— 5 

B+v B—v ' 

whose sum is 

2 dudv. v^ ^ 
B * i_v^ ^ 
B'^ 

and since in our arch i?= 673.5 feet and the mean value of w = 4 feet, 

v^ 1 

the mean value of the fraction j^^ is ; hence in taking the inte- 

nt ZooOU 

gral no appreciable error is committed by omitting this fraction^ and 
we may take, according to the usual practice, 



^- ^^^ ■ i ■SS'"'- "■ 



d(p 

The integral ff dudv, v*^ \% simply the moment of inertia of the nor- 
mal section. Where the arch is composed, as in the present case, of 
two members of small sectional areas at a considerable distance from- 
the neutral axis, the moment of inertia may be computed with suffi- 
cient exactness by conceiving all the internal forces of each member to 
act only at its centre of gravity \ so that, if 

to = the area of a section of a member, 

d = the distance of centres of gravity of the members, 

6 = the moment of inertia of the normal section of the arch, 



10 THEORY OF THE BIBBED ABCH. 



(6) 



Pj = qna — P, 



by which the resistances at the riujht pier can be determined if those 
at the left pier are known. In deducing the last equation, or the equa- 
tion of the moments, we have taken the moments about ^^ ; the same 
equation can be found by taking the moments about A^ observing that 
from the nature of the couples denoted by Na and iV^a, they may be 
transferred to any point in the system under consideration, and hence, 
the whole arch being here considered, they may both be regarded as 
acting either at ^^ or at A. 

K now, d being the distance of the members, wo put 

w = the sectional area of the centre piece, from G to G^y 
w^ = the sectional area of the end pieces, from A to G^ and from 
A^ to G^f 

0r= —- = the moment of inertia of the section of the centre 
piece, 

6^ = -— - = the moment of inertia of the section of an end 
piece, 

we shall have, by equation (3), for the centre piece from x^^pa to 
a; = (2 — jt?) a, that is, from ^ = ^^ to ^ = — /', 

(VII) a<pi — <«^ = -— d^f 

and for an end piece from a; = to a; =pa and from a; = (2 — p) a to 
a; =s 2a ; that is, from ^ = a to ^ = ;', and from ^= — y to ^a= — a, 

(7) dip^^a<p^-^d(p. 

These equations result from a consideration of the internal forces, 
and, as these are in equilibrium with the external forces, we have only 
to substitute in them the values of M in terms of the external forces 
F^ §, Na and qna. 

Considering now the forces acting on the portion AF of the arch, 
wc have 
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(a) For loaded part, from x = to a = wa, 

* 

or by (4), 

(8 a) J?f=iV7?Bina — Pi?(8ina— sin ^) + gi2(cos^ — COSa) 

+ ^^r- (sin a — sin ^)2. 

(b) For unloaded part, from jc = wa to a; = 2a, 

Jf = iVa — Paj+ Qy+ qna (x — y j ' 
or by (4), 

(8 b) J!f r= JH^R sin a — Pi? (sin a — f^in y^) 4- QR (cos ^ — cos a) 

— g'i?^ gin ^ (gin ^ _ gin ^^ ^ 1^ (^gin ^ a-^ sin* /5) . 

Supposing now /3 to fall between + y and — yy we obtain from (vn) 
and (7), by substituting the values of M from (8 a) and (8 b) and inte- 
grating,* 

(a) For loaded part : 

END PIBOB. 

(9a) ^1 — ^= — < f iVsina — Psina— §co8a+^ sin«a+^ j <p 

— (P — qa) cos (f + § sin ^ — ^ sin ^ cos <p + A\ ^ 

CENTKB PIECE. 

(IX a) ^j— ^=— - < f iVsina— Psina— ^cosa+ — - sin*a+?^ jy? 

— (P — g'a) cos ^ + § sin ^ — ^ sin f cos ^^+-4^ i . 

(b) For unloaded part : 

CENTRE PIECE. 

(ixb) sPi— SP=-^ 1 ( -^sina— Psina— §cosa+ ^sin«6t--^ sin«/S j^ 

^(^P —qa+ qR sin ^5) cos v* + C ^in s^' + ^i f i 



END PIECE. 



(9 b) s^i— s^= -TT I ( iVsin a— P sin a— Q cos a+ ?— sin'^a —?-— sin*i9 j 

— (P — ^a + 2'72 sin /S) cos ^ + ^ sin ^ + ^ S , 

* Employing the known integrals fdcj). sin ^ = — cos 0, ^'c/^. cos ^ = sin ^^ 

7 d^ sin 2 = i (0 — sin (;i cos (j>). 
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in which Aj 2?, -4^, 2?,, are constants of integration. To determine 
relations between these constants, whence finally the values of the 
constants themselves will be found, we observe that (9 a) and (ix a) 
must be identical for ^ = /'; and (9 b) and (ix b) must be identical for 
^ = — Y', hence 

0=(&^^e) I TiV^sin a - P sin a - Qeosa + ^ 8in*a + ?^\ 

— (P — qd) cos Y+ QQiny ^-j- sin /^ cos y r 
+ H, A^ - BA, 

0= {e^^ey\ r-iV^sina+Psina+gcosa-^sin^a+^sin'iS^ y 

'^ {P — qa + qR sin /S) cos y-^ Q^iiiy [ 

and from those equations, by subtraction, 

(10) 

O=((9i-0) I 2/iV^sin a~P sin a- Qcos a+ ^-^ sin«a+ ^ - ^ sin'^") 

+ qB sin /5 cos y + 2Q elny -—^ ^iwy cos y [ 

Again, (ix a) and (ix b) must be identical for ^ = i? ; therefore 

^i — ^j, = — ^(i9 + 2i5sin«i9+3sin/9cosi5)= — ^ a*, 

if 

;ci = ^ + 2 ^ sin » /9 + 3 sin ^5 cos i? , 

The arch being fixed at the piers, we must have <p^ — ^ = for <p ^= a 
in (9 a), and ^^ -— ^ = for ^ = — a in (9 b); hence 

J.~i?= - 2a TiV^sin a- P sin a- ^cos a+ ^^'^ sin'a + ^ - ^ sin« i^J 

— qR sin ^ cos a — 2 § sin a + ^ sin a cos a . 

By introducing these values of (Jl^ — R^) and {A — R) into equa- 
tion (10), and for brevity putting 

c =^a + -^^ y , ^2=:__sina + — ^ sm ;-, 

^i = — sin a COS a -\ SlU ;' COS y j tf-j = — - COS a -{ — COS y , 
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we deduce 

(11) mina=Psina+Q(cOBa-'-l>j+qM(^^-'^.^+^^ 

Substitnting this value of N%ma in the equations (9) and (ix), and 
for brevity putting 

these equations become 

(12 a) 

^^— ^=— - ] ((r+iT)^— (P--2'a)co8^4-§8in^— ^8infC0Ssp+-4 f > 

(xn a) 

^j--^= — \ (G+fl) v*— (^— 2'«)cos^+^sin^— ^ 8in^cossp+-4i ^ , 

(xnb) 

^j--^= — \ (^G'-H) ^—(P'-qa + qJR sin ^)eo8 ^ + QBin^ + B^ | > 

(12 b) 

^j— ^= — - I (^G—H)^^(P—qa + qR sin i8) cos ^ + Q&in^ + Ji y, 

JSTow, since we have for the undeflected arc s and the deflected arc s^ 

dx = ds cos ^ , dx^ = <?5i cos ^^ , 

dy = c?iJ sin ^ , c?yi = c^^^ sin ^^ , 

and c?« = dSi = -— -Rc^^ , there follows very nearly 

dx^ — dx= — Hdcp (cos ^i — cos <p) = Itd^ (^^ — ^) sin ^, 
dy^ — ^y = — Ild<p (sin ^^ — sin ^) = — jRc/^ (^^ — ^) cos ^p . 

Ilence multiplying the equations (12) and (xii) by JRd<p sin <p and in- 
tegrating,* we find for the different parts of the arch the horizontal 
deflections : 

t 

* Employing the known integrals already used, and also 

y (f0 . sin = sin — cos ^ , / d(}> . (p cos <j> = cos + ^ sin , 

/ dip . sin cos == J sin * . / d<j>f cos ^ = J ( -{- sin cos ) , 

/ c?0 sin « cos = J sin ' , / <^0 » cos >* sin = — J cos ^ , 
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(13a) x^-x=^\(G+fI) (8iny-9,eo3y)-(P_,a)?i^ 

c> — Bin cp cos 9 qR , ) 

+ Q.- ^ ^- J^8mV-^co8sp+ C} . 

(XIII a) x^ — «= -^ I ( ^+ //) (sin f> — f> cos s^)— ( P—qa) ^^" ^ 

^ <p — sin^coscp (7/2 . ') 

+ Q 2 j^»in*<p^A,coQ^+ C, j, 

R^ ( ft* * 

(XIII b) a?!— a;=~ | (G— //) (sin^p— sf'cos^)— (P— ^a+^/Jsin^)-^ 



- fl> — since^coscp _ ^ ) 

Q'- j^ -—B, cos ^ + 2), I , 



(13 b) a;,-aj=^ j (G-i/) (8insp-f'C08^)-(P— ga+^/Jsin/?)?!^ 

^ '" — Rincpcoflcp „ ^ ) 

-I- Q.^ 2"^ ^~5co8sp+2) I . 

And multiplying (12) and (xii) by — Bd^cos q> and integrating, we 
find the corresponding vertical deflections : 

(Ua) y, — 2/ = ^| — (G?+//) (cos^ + spsin^) 

^_ sin V 7/2 , ^ . ) 

- Q.— 2 ^C08V-^8insp + -B| , 

R« f 
(xiva) yi — 2/= ^ | — (G?+ i/) (cos^+^sin^) 

+CP— 9a). 2 

-, sin'c) {tR ^ > 

— Q--2 j2^^®^""^i^^"^+ ^i I ^ 

(\ivb) y^— y=^^- j — (G— /f) (cos v' + s^sin^) 

+ ( P — ^a + ^JR sin y5) ^—^ -^ ^ 

-Q.^^-/?,8in^+P,}, 

(14 b) y, —2/=— j— (G — H) (cos ^+^ sin ^) 

i/D I r> • ox 9P+ sin CPCOSCP 

+ (P — ga + ^i2sin/9) I-! -I. 1 
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Since (13 a) and (xni a) are identical for ^=7', and (13b) and (xinb) 
are identical for ^ = -— /'j we deduce 

{sin ' y 
0= (<9i-(9) {-((?_ ZQ (sin ^-^cob,-)- (P — qa + jiJsin /*)^^ 

- Q . r-^^Y^^r J _ (^^^^_ £, J?) cos r + », A- ^i> ; 

and from these, by subtraction, 

(15) 0^(^,-^){26^(sin,-,cos,) + ^'^""/""'^ 

+ e.(r-8inrcos7')--?^8in»7'| 

-^i(^,- i?, ) co8r+^ (^— ^) cos r + ^1 ( C'l— 2>, )— ^( (7— !>)• 
The equations (xiii a) and (xin b) are identical for f> = /9; and hence 

0= 2 JT (sin ^—^5 cos ^ ) + ^ 8in»^— ^ sin'i?— (^, —i? , )cos i9+ C7, — D, . 

Introducing the values of JTand (^A^ — 2?j) before given (p. 13& 
12), we deduce 

if 

sin 3 iS 



v= sin /? + 



6 



The equation (13 a) gives x^ — x= for ^= a; and (13 b) gives 
05, — x= for ^ = — a ; and hence the diiference of these equations, 
when these substitutions are made, gives 

^ n o^/- X g'iJ sin ^ sin ' a 

C — I>= — 2G^ (sma — a cos a) — g(a— sm a cos a) 

+ ^sin'a+ (A — JB) cos a 

The equation (12 a) gives f>j— ^= for y> = a ; and (12 b) gives 
^j — ^ = for ^ = — a; and hence the diflference of the equations* 
these substitutions being made, gives 

A — j5= — 2Ga — qHsinficos a — 2gsina + ^ sin a cos a , 
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which, substituted in the preceding value of C — 2>, gives 
C—D= —^G^ma^qR^mp ^1— ^^" J— ©(«+ sinacosa) 



+ 



^ /^sin a sin ' a\ 
^^(-4- - — ) 



The equation (15) becomes by substituting the values of (-4|— j5,), 
(Ci — A), (A^B) and {O—D), 

0=26^ |(^j_^) (sin/' — /'COST') + ^ (sin a— a COS/-) I 

+ C J (^1—^) (r— sin 7' COS/') + ^ (a+ sinacosa— 2 sin a COS/') f 

+ 9/?siny5| (^^--^)?!lp:+^A-cosaco8r^^^) j 

^nnS m ^Nfiin V , ^ /^8in_«<50flac^ sin a sin»a >^) 
+ 5/?j-(^i-^)-j2-+^(^ 5 r-+-6— J) 



+ 



,Re,{^^,^.^ 



If in this equation we substitute for O and y their values, and then 
for brevity put 

__0 sin»a 6^1 — ^ sin'/' 

and with these, together with the quantities <r, tfj, <r2> ^''s lt)ofore intro- 
duced, compute the following quantities, 



X 


= ^ + 


^1- 


2<f2* 


«1 


IT 


^- + 


^4 


'2 


-^2 







we shall obtain the following formula for Q « 

(16) C = ^ ('1 sin /9 - X2 A* + X3 + I sin 8 /9) - 
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The equations (14 a) and (xiv a) are identical for fp-=y^ while (14 b) 
and (xiv b) are identical for ^=: — ^^ hence, making these substi- 
tutions, we deduce 

^-fsin^cos;' ^\'^^X 



2 ' "^ 2 



= 2Zr(cos/? + /9sin,S) + ^% (^5 + sin/9cos/9) + ^^^cos» /? 



= ((?!-«) { (G^+JT) (cos r+r sin r)— iP—g") 

+ ?j^co83 ;. I + (0j yl,_e^) sinr-C^i ^, -fc'i') , 

f y-4-6inyC03y 
= ((!^ , -&) I ( (?—//) (cos ^ + ;. sin r)+ ( P— ?« + ?« sin ,S) -^--g^ ^ 

and from tliese, by subtraction, 

(17) 

0=(<9i-6^)|2^(cosr+Vsinr)— Ti'— ^a+?^^^^^(;'+sin^cosr) 

+ ^ cos8 r} +0,(A, + J3,)smr-e(A+ B) sin y 

The equations (xiv a) and (xiv b) are identical for ^ = /5; hence 

o/?sin/?,^ . ^ ^^ oR 
^ — ^ (^+ sin/9co" -^^ ' ^ 

+ (^,-i?,)sin/5-(j^,-i^,), 

which, when the previous values of -S'and (^, — B^) are substituted, 
gives 

^. - i.. = ,i2 (^-^^ + ^4-^ - ^^^) = ,11 f , 

if 

eos/5 /Ssin^ cos^ /5 

^"^ ~2" "*" ~2 6~"' 

If we take the equations (p. 12) from which (10) was deduced by 
subtraction, and now add them, we tind 

0= (e, - 0) I 2 72-^-2 Tp- ja + ^^^^ cos r - ?4- sin y COS r j 

+ e,{A, + I},)—e{A + Ji). 
Multiplying this by sin;-, and subtracting it from (17), we have 

(18) (i= {e^—e)\2IIcoBr—{P — qa + qRs,in!i) (j — Binycosr) 

+ 9« («-^^- «^) j _.. (^. _i.. ) + . ^E-F) . 

6 
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Since (14 a) must give ?/, — y= for *f=^ ay and (14 b) mnst give 
y, — y = for <f = — a, their dilTerencc, when these substitutions are 
made, is 

0=2// (cos a+a sin a) — ( P — qa+ - — ^--- j (a + sin a COS a)+ Y^cos'a 

+ (^1 + /i) sin a — (E— F) 
and the same substitutions being made in (12 a) and (12 b), their sum 



gives 



= 2//a — 2 (p — qi + ?^^^^ cos a — ?^ sin « cos a + ^ + /? • 
and these last two equations combined give 

E — F= 2//cosa— (P— qa + ?-^— i-^ j (a— sin aCOSa) 

_ /cos a cos' a\ 

With this value of {E--F) and the values of (E,-—FJ and //, the 
equation (18) now becomes 

— ( P — qa+- ^— ^ j j ^(a--8inaCOSa) + (^,--0)(;'— sin/' COS/') | , 

and from this, by introducing the following additional auxiliary 

cos 3 a ^1 — cos^/* 

we find for the vertical resistance of the left pier the formula 

/-.^x T^ y^i ^^ sin 2^ sin/? ^ 't, — rr- . ) 

I ^ '' (rr—ffi 2 2 -r— ^, 2 (<r--/7,) ) 

'J 
■; The values of Q and P being computed by (16) and (19), we can then 

! find iV (and iV« = iVi? sin a) by means of (11), and finally the resist- 

i ances /*, , Q^ ^ ^^a at the right pier by means of the equations (6). 

1 For the calculations of the deflections by the equations (13), (xni)i 

(14) and (xiv), we have yet to determine the constants A, J3, C, etc. 
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We have already found (p. 18 and p, 15), 

A + J3= — 27/a + 2 fp.^qa+^—^^j cosa + ?_ sin a cos a , 

A — B =i —2Ga — qRsin (3 cos a — 2 § sin a + ^ sin a cos a , 

from which A and JB are immediately deduced. 

By putting ^ = a in (18 a), and ^ = — a in (18 b), and adding the 
joquations (the first members being then zero), we obtain an equation 
involving {A-^-JJ) and (O+D), and by substituting the preceding 
value of (A-\- J3), the value of (^C+D) is obtained j and thus with the 
value cf ((7 — D) already found (p. 16), we have 



C+ i> = — 2//6ina + 2 



+ 



^p_,a-,^l^)(l^^-^) 



_ /sin a 8in'«\ 

/^ sin^ ct^ 
O — D = — 2(T8ina — qR sin fi I 1 — j — Q (a + sin a cos a) 

„ /sin a sin'a\ 

+ i\-i (t)' 

from which C and D are found. 

By putting ^ = a In (14 a) and ^ = — a in (14 b) and adding the 
equations (the first members being then zero), we obtain a relation 
between (A — J3) and {£J+ F)f in which we have only to substitute 
the preceding value of {A — B) to obtain {E + F). This with the 
value of {E — F) from p. 18, gives 

E -^ F= 2 6r cos a + ? — (a — sin a COS a) — § sin 2 a 

_ /cos a cos * a^ 

+ i\-^ «-J' 

E—F= 2irc03 a-fp-qa + ^^ f" '^ ^ (a-8inaC08a) 

-, /cos a COS 3 a\ 

+ 9/j(-4 6-J. 

whence ^ and i?" are found. 

We have, further, from equations on p. 17 and p. 12, 

+ Y 81° r cos y J- , 

J:,-i?,= -?^;</. = — ?^(/5+ 2^8in»/S+ Ssin/Scos/J) , 
by which A^ and J?, are immediately foand. 
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If we add the two equations on p. 15, from which (15) was deduced, 
and in the result substitute the above value of {Ai +-S,), we shall find 
the following expression for {C^ + D^) } and the value of {C^ — 2>i) 
has already been found on p. 15 ; thus we have 

C',+2>,= ^((7+Z)) +^i^ j -27/8inr 

Ci — i>, = — <^ J? V = — <^i2 ( sin ,5 + I sin 3 /5) , 

from which C^ and Z>, are found. 

By adding the two equations on p. 17 from which (17) was deduced, 
we obtain the folloAving expression for (^, +i^,) j and (^^ — jF^) 
has already been found on p. 17 j thus we have 

+ — ^ — 1 26^ (cos^ + r sin r) + ■ — 2 — (r + ^^^ r cos r) 

+ Csin r + -j^cosV|, 

■^ -^ -r> ^ ^ /^cos i3 . /9 sin i5 cos ^ /S\ 
■^i-^.= ?^^=i?^(-T +—2 6^J' 

from which ^^ and P^ are found. 

The expressions for {A^+B^), ((7,+^i), (-fi'i +i^i), may also bo 
put under the following forms : 

C,+D, = -2m, + 2(^P-ga + l3^^ (l _^j + , R (^fl_ „^^ , 

and a good verification of the correctness of a large part of the whole 
work is obtained by computing these quantities under both forms. 

^Special Investigation for the Case of a Load equally distributed 

over the whole Arch, 

^n the preceding investigation wo supposed r > /^ > — T 9 ^^^^ i8» 
end f)iece entirely loaded, and the other entirely unloaded. We 
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cannot then apply our formulae to the case /5 = — a , which repre- 
sents a load covering the whole arch. A special investigation for this 
case is therefore necessary. 

Since in this case all is symmetrical with respect to the centre of the 
arch, we need to consider only one half of the arch, consisting of one 
end piece (from ^ = a to ^ = /') and one centre piece (from ^ = ^ to 
^ = 0). They are both loaded and we can use for them the equations 
(9 a) and (ix a). The whole load will be equally divided between the 
two piers, and therefore 

jP = P, = ^a = qH sin a • 

Hence our equations will be 

(20) ^j — 9» = — I ( iV^sina — §C08a--^sin2 a+ ^4- ) V 

-f Q sm ^ — ^ sm ^ cos ?> -f -4 [ , 

(XX) ^, — ^ = — j ( iv sin a — § cos a — -— sin 2 a 4- ^ j ^ 

4- Q sin ^ — ^ sin <p cos 9> -f -4 , |- . 
Since in (20) we have ^j — <p = for ^= a, we find 

-4= — ( iV^sin a — Qcosa — ^8in=*a + ^ ja — Qsina^- 
and since in (xx) 9>, — ^ = for <p = , we have 

And since the two equations must be identical for <p = y, we deduce 
0= [^a + (^, — ^)^]liV'sina— §cosa — -^ sin 2 a + ?^ j 

-\- [8 sin a-\-(e^ — 6) sin y] Q—\P sin a cos a -h (6^ —8) sin y cos y] ^ 
whence, with the notation before used (p. 12), 

^/^ ffo\ ^f 1 . sin 2 a (T \ 

(21) i\78ina=C(^C03a— ^J+yi2(^-j+-^ + jl). 

Substituting this value, our equations become 
(22) ^,-^=^'|r?^.^-C.^^^+esin^-^sin^cos^ + ^}, 
(xxii) ^1—^= ^1^^ . ^— qf-^ip^ ^sin^p — ^ Bin ^^ cos s^i 



qR . 

V smaCOSa 

4 
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FOR LOADED PART, 
o 



M= Na — Pa . m -f ^- — m^ + Qy . 

FOR UNLOADED PART. 

J/= iVa — Pa . m -f- ^na 2 f m — ;» ) + Qy • 

The load will be taken for the cases in which it covers \, |-, |, &c., of 
the span, up to -J or Iho whole span; the corresponding values of n 
being ^, f, f, &c., up to f or 2. 

The strains on each member resulting from the moment Jlfwill fol- 
low from the equation 

^ being the distance of the centres of the members. The •< » PP®^ C sign 

will be used for the ] 1 "^ [ member ; and positive values of T will 

express compressive strain, negative values tensile strain. 

The values of 7^ for the permanent load will be found from the val- 
ues previously found for the movable load with n= 2, by multiplying 

these values by the ratio — ; q being the movable load, and 5' the per- 
manent load per linear foot of the span. 

Strains in the direction of the Arch^ and Shearing Strains. 

On p. 5 we separated the total force into a moment of flexure M, 
and a force S acting at the centre of the arch. The force S was 
further resolved into its components S' and S", the former lying in 
the direction of a tangent to the central curve of the arch, the latter 
in the direction of the normal. We distinguish S' as the strain in 
the direction of the arch, S" as the shearing strain. 

If T^is the vertical force acting at any point (aj, y), then, <p being the 
angle which the tangent to the curve at this point makes with the hor- 
izontal line, we have 

S' =i Q cos ^ + "Fsin ^ , 
S"= Q sin ^ — F'cos ^ , 

and the value of F'will be 

For 1 oaded part, 1^= P — qx=: P — qma ; 
For unloaded part, V= P — qna. 

The value of S', from the nature of the case, will always be positive, 
and be compressive strain. 
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Th6 value of S" will be positive in some parts of the arch and nega- 
tive in others. The positive value will be a strain towards the centre j 
the negative value a strain from the centre. As in our formulae wo 
r<^:kon from the pier to which P belongs, S^' is the shearing strain of 
that segment of the arch which extends from that pier to the point at 
which the strain is considered to exist. 

Since the movable loads may extend from either end of the bridge, 
all the strains computed for one half the arch must also be applied to 
the other half in deducing the necessary sectional areas of the mem- 
bers and braces, as will be illustrated hereafter. 

The values of S' and jS" for permanent load will be found by the 
same formulae, taking the proper values of Q and JP for this case 
(p. 23), and T^= P — q'ma, q' being the permanent load per linear 
foot of the span. 

Effect of Changes of Temperature upon the Arch. 

If the rib was allowed to expand and contract freely, no strains 
would be produced by a change of temperature. The figures of the 
arch assumed at different temperatures would be similar; and if we de- 
note by X the linear expansion for a given change of temperature, of a 
bar of the same material as that composing the rib, and of the length 
= 1, the linear dimensions of any portion of the rib, after the change 
of temperature has taken place, would be expressed by multiplying its 
dimensions before the change by 1+A. The span of the rib before the 
change being denoted by 2«, it would after the change, no obstacle 
existing to its expansion, be 2a (1 + A). But the piers prevent this 
change by the resistances which they exert; and the resulting curve of 
the rib is that which would result if to the expanded arch of the span 
2a (1 + ^), resistances were applied which reduce this span to 2a. But 
since the change 2ak is very small compared with the whole span, it 
will be sufficiently accurate to investigate the amount of the resistances 
which would reduce the original arch of the span 2a to one of the span 
2a (1 — X). This somewhat simplifies the investigation, which is neces- 
sarily but approximative in its nature; especially as we regard the 
modulus of elasticity of steel (e) as constant under the different tem- 
peratures considered, whereas it is doubtless subject to changes which 
would affect our results by minute fractions of the same order as those 
which we neglect in the method here adopted. 

Since the weight of the bridge is not changed by the temperature, 
the resistances at the pier may be considered as consisting of a hori- 
zontal force Q and a moment Na. The moment of flexure for any 
point (a?, y) of the deflected arch is, then, 
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Jf = Na + Qy = N'B sin a -f- QR (c09 <p — cos a) ; 
and since our equations (vii) and (7) are general, we shall have 

FOR END PIECE, 

(27) (f^, — c/^= _^(^gin a — Qcos a+Q cos ^)d<p; 

FOR CENTRE PIECE, 

R^ 
(xxvii) c/^i— J^= — (iVsin a — $cos a + Q cos <p)d^. 

Integrating : 

R^ { 1 

(28) ^j— ^ = — -J (iVsin a — gcos a)^ + gsin ^+ ^ y, 

(xxvill) (^,— y>) = — j (iVsin a — gcos a)^ + $8in 9? ^; 

no constant being required in the last equation, since at the centre of 
the arch we must have <p^ — ^ = for ^ = 0. Since from (28) we 
must have ^, — ^ = for ^ = «; w^e deduce 

-4 = — (iVsin a — Q cos a) a — Q&ina) 

and since (28) and (xxviii) are identical for ^ = ;', we deduce 

0=(^i— ^)K^8in a — (2 cos «);' + $ sin rl-^OA. 

Substituting in this the preceding value of -4, and introducing the 
symbols <r and cTj with the significations adopted on p. 12, we find 

(29) iV^sin a = — ^^ — cos a^ g, 
by means of which our equations now become 

(30) ^1 — f*=-^«Cfsin^ -<p + ~a — sin a), 

(XXX) ^j_^ = _.g^8insp — ^f»J. 

Multiplying these by B,d <p sin <p and integrating, we deduce, as on 
pp. 18 and 14. 

/oix ^^ r^ f^ — sin^pcos^ <^2 / • N 

(31) JCj — aj= -K-*Q'\ ir ^ ^(sm^ — ^coa^p) 

— I— sina j cos^H- (7 ?- , 

, . i?3 ( fp — sin ^ COS 9? ^''a / . n1 

(xxxi) aji — aj= -^sQ'l 2^ -2 (gm^ — ^ cog^) j-, 

no constant being necessary in the last equation, since we must have 
x^ — a: = 0, for ^ = 0. 
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Also multiplying (30) and (xxx) by — Bd<fQO^(p and integrating, 
we obtain 

(32) y_y=^.§j_.!i^ + ^(C08^ + y8in<,) 



— i — sin a J sin ^ + ^ ( , 



(XXXII) y.—y^ -^ . 6 2 + 7" ^^^® ^ + y sin ^) + ^^ i . 

Since the resistances of the piers are supposed to change the length of 
the span by the quantity 2Aa, each end of the arch is displaced hori- 
zontally by the quantity ka ) that is, the equation (31) must give 
J?, — X =i Xa when <p=a'j hence 






a 4- sin a COS a (T„ . 

-^ sm a + C 



2 (7 

The equations (31) and (xxxi) being identical for ^ = ^'^ we deduce 
^ ^1— ^(r — sin^cos^ ^2^' \) 1 r^2 • A 

(7= ^ j ^ ^^ ^ (sin r — r cos ;') V + / -^ a— sin a JCOS ;'; 

which can be reduced to the form 

and tftia substituted in the equation for Xa, gives (by bringing d out- 
side the brackets and patting 0, within them), 



1 ^'^ ni^ " 



+ sin a cos a ^^ — ^ ^ + sin ^ cos y 



^. 






where <r, also has the value given on p. 12. Hence employing the 
symbol x with the signification assigned on p. 15, we have 

,^^. - 2ka-e 2;.£^sina 

(33) e=-_- = — -^^^. 

Having thus found Q, the moment JVa is found- by (29), which gives 

(34) ' mt=-('^— cos a^QB. 

We can now compute the moment of flexure at the different points 
of the arch by the ^ouation 

M== JVa + Qy 
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NUMERICAL 


RESULTS. 




a (in arc) = 0.3947912 


y(in arc) = 0.3262709 




a =0.3719511 


log <T =9.5704859 




c^ = 0.3378877 


log a^ = 9.5287724 




c^ = 0.3632479 


log c^ - 9.5602031 




r73 =0 9311328 


log <r, =9.9690116 




tf, = 0.0(>G43108 


log <r, = 8.8223713 




c, =0.008150905 


log a^ = 7.9112090 




ff^ = 0.2692211 


log (T^ = 9.4301091 




X =0.0003422 


X, = 0.2441503 




z, = 0.9757763 


X3 = 0.000165623 



The eoraputations being made for points of the arch the horizontal 
distance of which is -^^ of the whole span, the values of ^ for these 
points are found by the formulsB 

sin s^ = (1 — m) sin a 

by taking m = 0, |, f , &c., up to m = 2. The values of <p for the val- 
ues of m = f, y^y &c., being merely the negatives of those for -J, |^, &c., 
it suffices to compute the positive values of ^. These are given in the 
following table : 



%m 


9 


(in arc) 


log sin ^ 


log cos 





22^37' ir'.52 


0.3947912 


9.5850267 


9.9652379 


1 


19 39 58 .03 


.3432386 


9.5270348 


9.9738986 


2 


16 45 57 .16 


.2926198 


9.4600880 


9.9811349 


3 


13 54 33 .27 


.2427621 . 


9.3809067 


9.9870751 


4 


11 5 14 .96 


.1935132 


9.2839967 


9.9918171 


5 


8 17 33 .96 


.1447361 


9.1590580 


9.9954351 


6 


5 31 3 .85 


.0963027 


8.9829667 


9.9979830 


7 


2 45 20 .40 


.0480955 


8.6819367 


9.9994975 


8 


.00 


.0000000 


inf. neg. 


0.0000000 



The computations for the effect of the movable load are made for 
the cases in which the load covers \y |, |, &c., of the whole span, reck- 
oning from one extremity. The values of p corresponding to the points 
at which the load terminates are found by the formula 

sin /5 = (1 — n) sin a , 

taking n = ^, |, <fcc.; up to f. With those are then computed the aux- 
iliaries 

/[£ = ,9 4- 2,9 sin 2 /9 -f. 3 sin fi cos /9, 

cos 



__C0S/^ i^sin/? 
^"--2~"^ ~"2 6 



3,? 



V = sin /? -f 



C08*/9 

~6""" 



(29) 



NUMERICAL RESULTS OF THE PRECEDING FORMULAE. 



Tlie computations have been made only for the central arch because 
this is the largest. For this we have 



jR= 673.5 ft. 
^= 8 « 



a =22'' 37' ir. 52 

a =259.0385 ft. 



The stronger end pieces extend to -^ the span, and hence 

sin ^ = I sin a , ^^ = 18° 41' 48". 18 . 

The sectional area of a member is 

For centre piece, oi = 80 sq. in. = f sq. ft. 
For end pieces, io^ =120 sq. in. = | sq. ft. 

The modulus of elasticitv of steel has been taken as 

e = 2232000 tons per sq. foot. 



Hence 



Also, 



ee = ^ = 1240000 X 32 = 39680000, 
td^ = -^ = 1860000 X 32 = 59520000. 



e 



2 

3' 



0. ""3* 



We first compute the constants <r, a-j, &c., by the formulae 

e sin2a 6^^ 6 sinV 



e. — e 



^4 = 



+ 



e , S. — O . 9 sin^a a.-- 8 sin^v 

.,= ~SinaCOSa+-^SinrCOSr, <r,= -.-^ + -^.-^, 



. 
^^2 = s- sm a + 

e 

<^3 = 27- COS « + 



^1-^ . 



^1 



^iny 



COS;' 



^6 = 



6 cos^a 8^—6 QO^^Y 



e,' 3 



+ 



0^ ' B ' 



X = <r + (Tj — 



2/r, 



Zo = 



K' 



X, =zj (<r_,r, ) — <r,. 
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NUMERICAL RESULTS. 



BBSISTAXCES OF THB PIERS FOB MOVABLE LOADS. 

{q=OS ton per running foot.) 



8n 


P 


Q 


iVo 




Tons 


Ton^. 


Voot-tons. 


2 


51.2 


7.5 


-h1194 


4 


98.6 


51.2 


-+-3089 


6 


138.7 . 


141.3 


-+-3994 


8 


169.6 


260.8 


-+-3543 


10 


190.6 


380.4 


-+-2191 


12 


202.2 


470.4 


-H 739 


14 


206.6 


514.1 


— 107 


16 1 


207.2 


521.6 


272 



UESISTANCES OF THE PIEBS FOB PEBMANENT LOAD. 

(7' = 1 ton per running foot.) 



p 


Q 


Na 


259.0 


652.0 


— 340 



Wo now proceed to compute the moments of flexure resulting from 
the movable loads for the several points of the arch; and for each con- 
dition of the load, by the formulae : 



FOB LOADED PABT, 



M= Na — Pam -f ?— m'-f- Qy\ 



FOB UNLOADED PABT, 



M=-N(i — Fam + qna^fm — ^ j + Qy. 

The values of y, computed by the formula y=^(cos ^ — cos a), are 
as follows : 



8m 


logy 


y in feet. 





16 


inf. nog. 


0.00000 


1 


15 


1.0976824 


12.52225 


2 


14 


1.3650799 


23.17821 


3 


13 


1.5059519 


32.05914 


4 


12 


1.5936914 


39.23660 


5 


11 


1.6509452 


44.76558 


6 


10 


1.6874133 


48.68703 


7 


9 


1.7078162 


51.02890 


8 


8 


1.7143943 


51.80770 



NUMERICAL RESULTS. 
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[OMENT8 OF FLKXURB ( = iV) PRODUCED BT MOVABLB LOADS. 

(qrssO.S ton.) 



8/rt.! 

1 

0^ 


T) 


1 

"4" 


n=J 


t.=-J 


r.=-J 


n=-i 


n=i 


r,=-J 


^=J 


-h'. 


L194 


-4-3089 


-4- 3994 


-4- 3542 


-h2190 


-4- 739 


107 


-272 


1' 


■+- 


50 


-+- 957 


-4-1688 


-4- 1732 


-4-1198 


-4- 496 


-4- 54 


- 37 


2 — 


270 


— 431 


42 


-4- 276 


l-H- 337 


— 217 


-4- 97 


-4- 66 


" 1 — 


182 


1071 


— 1174 


— 809 


— 355 


50 


-4- 74 


-4- 90 


4 !- 


109 


959 


— 1723 


— 1485 


— 858 


— 286 


-4- 11 


-4- 62 


5,— 


47 


— 513 


— 1658 


— 1758 


— 1146 


— 450 


— 57 


-4- 16 


6l-f- 


2 


— 149 


— 978 


— 1617 


1215 


— 546 


— 123 


— 42 


7 + 


40 


-+- 134 


— 112 


— 1047 


— 1045 


541 


— 158 


— 80 


8'-,- 


60 


-+- 338 


-4- 534 


— 45 


026 


— 428 


149 


92 


9:-f- 


70 


+ 461 


-4- 965 


-4- 968 


-H 36 


-4- 213 


— 118 


— 80 


10 


-h 


82 


-t- 504 


-h1174 


-H 1576 


-4- 946 


-4- 107 


— 43 


42 


11 


■+• 


72 


-t- 466 


-+-1162 


-4-1774 


-+-1667 


-4- 529 


-4- 64 


-H 16 


12 


■+■ 


60 


-4- 346 


-*- 919 


-4- 1546 


-4- 1785 


-4-1022 


-4- 171 


-4- 62 


13' 


■+- 


17 


-H 142 


-4- 446 


-h8912 


-+-1191 


-H 1158 


-4- 274 


-4- 90 


U'\ 


30 


150 


— 270 


— 210 


-4- 107 


-4- 497 


-4- 338 


-4- 60 


IS 1 


90 


— 533 


1235 


— 1770 


— 1726 


— 994 


— 87 


- 37 


16 




165 


1010 


— 2462 


3814 


— 4266 


3361 


1466 


-272 



MOMENTS OF FLEXURE PRODUCED BY PERMANENT LOAD. 



(<7 = 1 ton.) 



Sm 





1 


2 

83 


3 


4 

77 


5 

20 


6 


1 


8 


M 


— 340 


46 


113 


53 


— 100 


— 115 



We next find the strains in the direction of the arch for the several 
points by the formula 

aS"= Q cos ^ -I- Fsin o, 
employing for Tthe values V=P — qjjia for loaded part, 



V=JP — qua for unloaded part. 



t;-± 



NUMERICAL RESULTS. 



GTRAIXS IN DIRECTION OF AUCU ( = ^') PUODUCED BT BlorABLE LOADS. 

(9= 0.8 ton.) 



: I 

1 


n-i \ n-J 


r^-} 


n A 


«-J 


II— J ?:— 1- 


n=\ 


i 


26.0:^ 


So. 20 ls;j.77 


306.00 424.ys 511.99 554.04 561.221 


1 1 


15.59 


72.70 


171.01 


293.98 


413.58 ; 502.30 


544.94 i 552.22 





7.02 


t3:^.5i 


100.34 


283.71 


404.21 


493.78 


536.90 


544.30 


ft 


7.U 


54.74 


151.80 


275.26 


396.33 


486.53 


530.02 


537.47 


4 


7.26 


49.30 


145.39 


268.65 


3S9.98 


480.58 


524.34 


531.84 


6 


7.35 


49.96 


141.13 


263.88 


385.18 


475.98 


519.86 


527.40 


G 


7.42 


50.51 


139.03 


260.98 


381.97 


472.72 


516.65 


524.21 




7.49 


50.93 


140.31 


259.95 


380.36 


470.86 


514.74 522.28 


8 


7.52 


51.22 


141.27 


260.82 


380.35 


470.40 


514.11 521.64 


9 


7.54 


51.42 


141.91 


262.33 


381.97 


471.35 


514.79 


522.28 


10 


7.55 


51.47 


142.22 


263.22 


385.18 


473.69 


516.77 


524.21 


11 


7.53 


51.42 


142.21 


263.52 


386.26 


477.44 


519.85 


527.40 


12 


7.49 


51.24 


141.85 


263.18 


386.43 


482.52 


524.57 


531.84 


13 


7.45 


50.93 


141.14 


262.21 


384.86 


482.73 


530.31 


537.47 


14 


7.38 


50.50 


140.07 


260.58 


383.94 


481.74 


537.26 


544.30 


15 


7.28 


49.93 


138.64 


258.26 


381.21 


479.52 


536.63 


552.22 


16 


7.18 


49.22 


136.82 


255.22 


377.42 


476.00 


534.56 


561.22 



STRAINS IX DIKECTION OF AIICH PRODUCED BY rERMAXENT LOAD. 

(7=1 ton.) 



in 







S' i 701.52 



I , 



690.28 680.37 



671.84 



664.80 659.25 655.26;652. 851652.05 



The shearing strains follow, computed by the formula 

S" = Q sin c) — "Fcos ^ , 



employing the same values of F^as before. 
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SHEABINQ STKAINS PRODUCED BY MOVABLE LOADS. 

(7=0.8 ton.) 



87/1 




n-1 


n-i 


44.36 


71.28 


1 


21.29 51.20 


2 


-*- 2.76 


— 30.00 


3 


-4- 2.41 


7.92 


4 


-4- 2.05 


-4-14.80 


5 


-F 1.70 


-4- 12.40 


6 


-4- 1.34 


-4-10.00 


7 


-4- 0.98 


-4- 7.52 


8 


-*- 0.62 


-4- 5.04 


9 


-4- 0.26 


-4- 2.56 


10 


0.10 


-4- 0.08 


11 


0.48 


— 2.32 


12 


0.85 


4.88 


13 


1.21 


7.44 


14 


1.58 


10.00 


15 


1.95 


12.48 


16 


2.33 


14.96 



n=f 



n 



4 

— ¥ 



73.76 

58.72 

42.48 

25.28 

7.28 

11.28' 

30.24 

23.44 

16.72 

9.92 

3.04 

3.92 

10.80 

17.76 

24.80 

31.76 

38.96 



56.24 
47.60 
37.52 
26.48 
14.64 
■ 2.08 
10.96 
24.24 
37.60 
25.04 
12.32 
0.40 
13.28 
26.24 
39.20 
52.40 
65.60 



n= 



a 



v==i 



«=i 



29.68 

27.04 

23.20 

•18.08 

12.16 

5.52 

1.60 

9.12 

16.64 

24.24 

31.60 

12.88 

5.84 

24.96 

44.16 

63.52 

83.04 



5.68 

7.68 

8.32 

7.76 

6.24 

4.08 

1.36 

1.76 

5.04 

8.24 

11.36 

14.08 

16.16 

7.60 

31.68 

56.00 

80.64 



n=-| 



7.04 
2.88 
0.08 
1.52 
2.16 
2.16 
1.52 
0.56 
0.56 
1.76 
2.72; 
3.36, 
3.44 
2.72' 
I.92I 
26.08' 
53.76' 



9.34 
4.80 
1.67 
0.33 
1.37 
1.66 
1.41 
0.79 
0.00 
0.79 
1.41 
1.66 
1.37 
0.33 
1.67 
■4.80 
9.34 



SHEABING BTBAINS PRODUCED BY PERMANENT LOAD. 

(g=:l ton.) 



8m 





1 

6.00 


2 

2.09 


3 


4 


5 


6 


7 


8 

0.00 


11.67 


0.41 


1.71 


2.08 


1.76 


— 0.99 



The effect of a change of temperature in the arch is computed by the 
following formulae: 
For a change of temperature of 80^ F. we take 

A = 0.000527; 

and the resistances of the piers caused by this change are found by 
the formulae 

2h6 sin a 



:Bl 



JVa 



= — r^— cosa j QE; 



tne moments of flexure by the formula 

M = Na -f Qy ; 

the strains in the direction of the arch b^ 

/S" = Q cos (p ; 

the shearing strains by 

>$"'= Qsin^p. 
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EFFECTS OF CHAXGE OF 80° F. IN TEMPERATURE OX TUE ARCH. 



Q= 


; 103.7 tons = horizontal force at piers. 


Sa-. 


=—3739 tons = 


= moment at 


piers. 


8m 


. Moment of 
llexure = M 


Strains in 

direction of 

arch =5' 


Shearin«r 
strains =5" 




Foot tons 


Tons. 


Tons. 





— 3739 


96 


40 


1 


— 2440 


98 


35 


2 


— 1335 


99 


30 


3 


— 414 


101 


25 


4 


H- 331 


102 


20 


5 


-H 905 


103 


15 


6 


-+-1311 


103 


10 


7 


-+-1554 


104 


5 


8 


H-1635 


104 






The deflections have been computed for the cases of most interest, 
namely, for n==f, n = l, and n = ^; as a load covering about one half 
the span produces the greatest deflections. 

The first step is to compute the constants A^ j5, C, etc. Their val- 
ues found by the formulae on pp. 19 and 20, are as follows : * 



VALUES OP CONSTANTS. 





n — f 


n=l 


n f 


A 


— 68.46599 


— 37.39385 


16.53583 


-4, 


— 68.38344 


— 37.31483 


— 16.48398 


B, 


— 16.49586 


— 37.31483 


68.37156 


B 


— 16.55112 


37.39738 


— 68.45774 


C 


— 68.45513 


— 37.38182 


— 16.52660 


C| 


— 68.37811 


— 37.30817 


16.47867 


J^, 


— 16.49058 


37.30817 


— 68.36620 


D 


— 16.54218 


— 37.38521 


— 68.44710 


E 


-H 41.59079 


— 81.31384 


— 201.71064 


^, 


-+- 41.61988 


— 81.28565 


— 201.69250 


F, 


140.46900 


— 260.88565 


— 383.78137 


F 


140.44978 


260.85612 


383.75065 



* It may be woll to remark that in the computation of the deflections logarithms of 
six or seven decimal places should be used, although the quantities P and Q which 
enter into the formulae have not been determined accurately to more than three or four 
figures ; the deflections result from very small differences in certain functions of the 
ingular quantities. The results will be sensibly correct even with imperfect values ot 
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If now in the formulre for x, — x and y, — y (p. 14), wo multiply by 

IP JP 
the factora —and — , iho rosnlta may bo written thus : 

X, — !E— I — i(8inp — f'COR f) + CBia* <p + d (_<p — Hia f>c03 y) 

— esia'p-\-/eoi <f + g, 

y, — j/ = 6(c08 ip -\- ip B\n ip) — c{'f + aiti j^cos y ) — rfsin'p 

— ecosV+Zsin >p + k, 

the coofficientB A, c, di e, y, gr, A, receiving their proper values for the 
several cases. These values are giveo in the following table : 







Loiicied 
ena-|i]efe. 


T-naded p.art 
of cejitre.piece 


Unlnaded mil 
of centre piece. 


Unloaded 
eiid-pieie. 


"=} 


log 6 
logc 
logrf 
loge 
log/ 


1.22G0803 
• 2.2451421 
2.5693638 
2.3625903 
2.5458283 


1.4027715 
2.4212333 

2.7.5.54610 
2.5386875 
2.7213920 


3.0340377 
1.80S4806 
2.7354610 


2.8579465 
1.6.323894 
2.5593698 


2.1038160 


1.9291773 


A 


—351.3629 
+ 213.475 


— 526.4513 
+ 320.436 


— 126.9630 

— 1081.488 


— 84.906S 

— 720.893 


r=l 


log 4 
logo 
logi 
loge 
l»g/ 


2.8113.577 
1.9846327 
2.8256608 
2.3625963 
2.2831501 


2.9874489 
2.16072.TO 
3.0017520 
2.5386875 
2.4583225 


3.3028903 
1.1607239 
3.0017520 

2.4583225 


3.1267991 
3.9846327 
2.8256608 


2.2831911 


? 


— 191.8714 
—417.364 


— 287.2401 

— 625.828 


—. 287.2401 
— 2008.590 


— 191.8888 
-1338.909 


»=t 


logs 
logc 
log ,( 
log* 
log/ 


3.1023182 
1.8320577 
2.9895147 
2.3625963 
1.9287759 


3.2784094 
1.8081489 
3.1656059 
2.5386875 
2.1035032 


3.4705198 
2.4211528 
3.1656059 


3.2944286 
2.2450616 
2.9895147 

* 


2.7213166 


2.5467725 


f 


— 84.8269 

— 103.5.3.S0 


— 126.8713 

— 1.5.')2.855 


— 526.3.596 

— 29.54.779 


— 3.51.3216 

— 1969.695 



f For Hnloadod part of srcli e~o. 



P and Q, provided the same valves of P and Q are employed in fitidin$[ tlie 
B, C, etc, which are afterwards used in the formula for x, — x and y, 
computation, we have taken 

furn = i, P = 138.71O0O log Q - 2.1500499. 
" n = 1, P = 16n.6-2000 log Q = 2A 163400, 
•■ n = |, P=la0,53000 log Q - 2.5801948. 
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The deflections are computed bj each j\ of the span, that is, for val- 
ues of x = ma, denoted by 7n = 0, }, |, etc., to m = 2. It is convenient 
to prepare such a table as the following for the logarithms of the spe- 
cial functions sin <p — ^ cos ^, etc. 



LOGARITHMS OP PCXCTIOyS. 



Sm' 



Loot 



Loot 



Lop: 



. sin ^ — 9008 9 ^sin 9C0S ^ cos 94- 9 sin 9 





1 

2 

3 

4 

5 

6 

i 

8 



8.305197 
8.124543 
7.918062 
7.675851 
7.381386 
7.003504 
6.473487 
5.569374 
inf. nei^. 



8.599464 
8.420458 
8.215378 
7.974332 
7.680789 
7.303930 
6.774079 
5.870404 
inf. neg. 



0.0313761 
0.0241501 
0.0178265 
0.0124298 
0.0079818 
0.0045014 
0.0020046 
0.0005017 
0.0000000 



Log 
H-^in9Cos^ 

9.874958 
9.819641 
9.754975 
9.677697 
9.582326 
9.458576 
9.283326 
8.982799 
inf. neir. 1 



With the aid of these tables and those of log sin ^ and log cos ^, pre- 
viously given, the following deflections have been found : 



DEFLECTIONS OF THE ARCH PRODUCED BY MOVABLE LOADS. 



(9 = 0.8 ton.) 



I 

' 

1 

2 





6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 



n = 



.3 



J7 I ~~"tC 



iachen. 

0.00 
■4-0.13 
4-0.39 
4-0.60 
4-0.69 
4-0.66 
4-0.58 
4-0.51 
4-0.49 
4-0.51 
4-0.55 
4-0.56 
4-0.53 
4-0.47 
+-0.27 
+-0.09 

0.00 



2/1 -y 

inches. I 

0.00 I 
-0.33 ! 
-1.18 
-1.93 
-2.29 
-2.17 
-1.51 
-0.52 
-4-0.48 
-+-1.36 

■4-1.91 

-4-2.05 
1.88 
1.47 
0.84 
0.25 
0.00 



n = l 



inches. 

0.00 

— 0.36 

— 1.07 

— 1.92 
—2.52 

— 2.69 

— 2.22 

— 1.32 
—0.06 
-+-1.20 
-+-2.17 
-4-2.63 
-4-2.56 
-4-2.00 

-4-1.14 

-f-0.35 
0.00 




X 1 "^ X 


Vi-y 


. inches 


inches. 


; 0.00 


0.00 


-4-0.11 


—0.23 


-4-0.24 


0.73 


+ 0.41 


— 1.36 


-4-0.52 


1.87 


-4-0.58 


— 2.10 


-4-0.54 


— 1.98 


-4-0.51 


— 1.44 


-4-0.49 


— 0.61 


-4-0.51 


-4-0.41 


-4-0.59 


-4-1.43 


-4-0.65 


-4-2.12 


-4-0.70 


-4-2.33 


-4-0.61 


-4-1.98 


-4-0.41 


-4-1.22 


-4-0.12 


-4-0.37 


0.00 


0.00 
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Explanation of the Diagrams. 

The preceding numerical results are graphically exhibited in the dia- 
grams of Plates I, II, and III, in order to facilitate their examination 
and discussion. 

The horizontal length of each diagram represents the span (2a) of 
one rib, and is divided into sixteen equal parts (= f each) by vertical 
lines, which correspond therefore to the successive values of ni. in our 
tables, beginning on the left with m = 0, and ending on the right with 
m = 2. Moments and strains at the several points of the span are rep- 
resented by vertical distances at these points, on any arbitrary scale ; 
the values in the tables being laid off above and below the zero line ac- 
cording to their algebraic signs. The extremities of the distances thus 
laid off are then joined, and there result curves which exhibit to the 
eye the law which the strains follow, and enable us to deduce readily 
the maximum total strains by means of the curves which envelop all 
the other curves ; they also facilitate the determination of the sectional 
areas of the ribs necessary to withstand these strains. 

Plate I. Diagram 1. — In this diagram the algebraic sums of the 
moments (Jf) of flexure produced by both movable and permanent 
load, as given in the tables on p. 33, are laid down as ordinates to the 
values of m as abscissas, on the scale indicated on the left of the 
diagram. Positive values of M are measured upwards, negative val- 
ues downwards, from the line — 0. The numbers 0, \, -]-, f |, 1, 

by w^hich the curves are marked, indicate the extent of the mova- 
ble load in accordance with the figures below the diagram; and these 
numbers correspond to the values of 7i = 0, \, -|-, f \y 2, respective- 
ly, of our tables, since the numbers in the diagrams refer to the whole 
span, and the values of n to the half span. Instead of forming an addi- 
tional table and a corresponding diagram for the strains resulting from 
the moments of flexure, we have only to consider the same diagram as 
exhibiting either nioments or strains by applying to it two different 
scales; for the strains are deduced from the moments by dividing by 
the constant 8 (= distance of centres of members). The scale on the 
right is therefore one eighth of the scale on the left, and represents 
strains, compressive or tensile, according to sign. 

In Diagram 2, Plate I, the forces {S') in the direction of the arch are 
first laid down from the tables on p. 34, and the resulting curves are dis- 
tinguished by the use of the species of line ( ). The force /S' 

being equally distributed l3etween the two members, the distances of the 

curves ( ) from the axis — represent one half the sum of 

the strains S' given in the tables for movable and for permanent loads, 
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on the scale indicated on the left of the Jiacrram. These strains are rJl 
compressive. The strains resulting from the moments of flexure are ten- 
sile in one memher and compressive in the other, and the total strains in 

the membei-s are obtained by laying oil' from the curves ( — ) 

the strains taken fr(»m Diairnnn 1 (by scale on the riirht of that diacrram). 
\fpwardis for tenaion^ and diittyawiudj foi compression. We thus obtain 

two new curves for each, value of /«. one of which (a broken line ) 

shows the total str-jins by movable and permanent load in the upper 

member, and the other (a fulJ line ) shows the same for the lower 

menibei-. Enveloping curves are now <lr:iwn touching ail these curves 
(distinguished by heavier full and broken lines), which exhibit the max- 
ima and minima of comprc»ssion and tension. The lower enveloping 
curve to the curves belon2:in2: to one member exhibits the maximum 
compression, and the upper enveloping curve to the same curves exhib- 
its the maximum tension (minimum compression) for the different points 
of this member, when a load covers the bridge progressively from the 
left to the right. For a load coveiing the bridge progressively from the 
right to the left, these curves will all be reversed. Therefore curves 
which re|)resent the maxima of strains for every kind of load (loads from 
both directions) must be symmetrical with resjiect to the centre line of 
the span ; they will be obtained by drawing the enveloping curves in 
both positions (direct and reversed) and then taking for the linal curve 
of maxima those portions of the compound curve thus tormed which lie 
farthest from the axis. Such are the heavy lines (full and broken) of 
Diagram 2. We see that by the effect of load we get tension only for a 
very short distance from the abutments. The heavy dotted lines show 
the minima of compressive strain in one member. 

The scale on the right side of Diagram 2 gives the amount of efficient 
sectional area required to withstand with safety the strains indicated on 
the left side; allowing for compression 12.5 tons, and for tension 10 tons, 
per square inch. The limit of elasticity of our steel is not less than 25 
tons per square inch. Recent experiments indeed indicate that the limit 
is considerably higher, probably over 3i) tons per square inch, lyy em- 
ploying 12.5 tons, we are therefore very far within the limits of safety, 
and it may even be expedient to further reduce the weight, and conse- 
quently also the cost of the structure, by taking smaller sectional areas, 
say such as correspond to at least 15 tons ])er square inch (for corap.). 
Plate II. Diagram 1. — This is constructed from the strains in the 
direction of the arch and the moments of flexure caused by a decrease 

urease of temperature of 80° F., as given in the tables on p 36. The 

)d of construction is precisely the same as that used in Diagram 2 

ate I. 

Diagram 2 of Plate II the light lines are mere copies of the heavy 
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lines of Diagram 2, Plate I, and represent the maxima of compression 
and tension (or minima of compression) caused by load only without the 
effect of temperature. The heavy lines represent the combined effect 
of load and temperature, and are obtained from the curves lor load by 
adding to the ordinates of these curves in both directions (upward and 
downward) the corres])onding ordinates of Diagram 1. Here also the 
scale on the right pide indicates the sectional area required in a member 
to withstand the strains indicated by the scale on tiie left, allowing as 
before for compression 12.5 tons and for tension 10 tons to the square 
inch. We see that the highest total strains in one member occur at the 
abutments, and that they decrease rapidly with the distance i'rom them. 
For more than three fourths of the span, in the central part of it, there 
is not much variation in the maximum strains; and even with 12.5 tons 
per square inch, we see that a sectional area of 72 square inches in a 
member would suffice for this part of thu bridge. We also observe that 
by the combined effect of load and temperature we get tensile strain only 
very near the abutment. 

Plate III shows the strains in the braces. We suppose that the 
members resist strains only in the direction of the arch, so that the 
total strain normal to the arch must be taken up by the braces. This is 
not quite correct, but very nearly so, as the stiffness of a single member 
against bending is very small in comparison with the stiffness of the 
whole rib. Our supposition gives the strains for the braces a little too 
great, and can therefore only increase and not diminish the safety of our 
calculations. 

In Diagram 1 of Plate III the algebraic sums of the shearing strains 
(S") by movable and permanent load, as given in the tables on p. 35, 
are laid down as ordinates, upon the scale indicated on the left side, to 
the values of m as abscissas. For the nine cases of load we get the nine 
lines marked by the numbers 0, ^, ^ ^, 1 (corresponding respect- 
ively, to the successive values of ^), which numbers express the portion 
of the span that is loaded, according to the figures between Diagrams 1 
and 2. The heavy full lines are the upper and lower enveloping curves, 
and give the maxima and minima of shearing strain occurring in the dif- 
ferent sections of the rib, when a load covers the bridge progressively 
from the left to the right. The broken lines represent the same for a 
load coming from the right, and are the same as the full lines reversed, 
by changing right to left and left to right, and at the same time + to — 
and — to + . 

We distinguish between the two kinds of braces a and b, as indicated 
in Diagram 2 of Plate III. The angle of the braces with the centre line 
of the arch is ±60°. In any noriual section through the arch we only 
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find one kind of braces efficient; so that, if S" is the shearing strain, the 
strain in the braces of this section will be 

JS" 
4- - — ^— = -f 1.155 S" if they are of the kind a, 
sm 60 

JS" 

and ; — ;— = — 1.155 S" if they are of the kind b. 

sm bO 

The sign + signifies compressive and the sign — tensile strain. There- 
fore, a 

Fpositive 1 i i* en, rcompressionH . 

* . value of JS" causes I in a, 

[_negativej [^tension J 

, Fpositive ~| , « ^,, Ftension H . _ 

and a \ ^ . value of jS" causes . \ in o. 

LnegativeJ [_compressionJ 

The strains in the braces of a section of the rib for the different values 
of S" are given by the scale on the right side of Diagram 1, Plate III? 
which contains the number on the left multiplied by 1.155. 

Diagram 8, Plate III, is constructed from the shearing strains jS" caus- 
ed by a change of temperature of 80**, according to the table on p. 36, in 
the same manner as Diagram 1 from the shearing strains by load. 

In Diagram 4, Plate III., the light lines show the possible maximum 
of strain by the load in the braces of a section of the rib (obtained from 
Diagram 1 by the scale on the right). The full lines give the maxima of 
compression in braces a or of tension in braces b^ and the broken lines 
give the maxima of tension in braces a or of compression in braces b. 
The heavy lines which show the possible maxima of strain by load and 
temperature together are obtained from the corresponding light ones by 
adding the strains by change of temperature taken from Diagram 3, using 
the scale on the right. The scale on the right of Diagram 4 gives the 
efficient sectional area required in the braces lor the strains indicated by 
the scale on the left, allowing 10 tons per square inch for either com- 
pression or tension. 

The shaded line, composed of the extreme parts of the heavy lines, 
gives the greatest absolute strains for the different sections of a rib, and 
therefore also the maximum of required sectional area. 



J^ffect of Compression by the Strains in the Direction of the Arch, 

The effect of these strains has been omitted in the calculation of the 
resistances exerted by the abutments. We shall now investigate the 
error produced by this omission. 
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By the strains in the direction of arch the elements of* the arch are 
compressed in their original direction, and therefore shortened without 
bending. Sui)pose the span 2a of the original arch is reduced in this 
way to 2a,. The distance between the abutments remains unchanged, 
and therefore, to find the real resistances of the abutments, we have 
to add to those found in the computation above such forces as will cause 
an increase of span of 2 (a — «i ) . As the load remains unchanged, the 
effect of a compression in the direction of arch is the same as that of a 
decrease of temperature, for which the coefficient of contraction is de- 
termined by the equation 

a — a 



X = 



1 



a 



For a certain load we can avoid these additional strains by constructing 
the ribs so much longer than the distance between the abutments, that, 
when shortened by the compression, they will just fit between them. 

From Diagram 2, Plate I, we see that the strains in the direction of 
arch are very nearly equal through the whole span, and vary for differ- 
ent loads from about 350 to about 600 tons in one member. If we as- 
sume, as in the former calculations, the sectional area of one member in 
tiie end-pieces (y'^of span each) = 120 square inches, and in centre-piece 
= 80 square inches, and the modulus of elasticity of cast steel =15500 
tons per square inch, the decrease of span produced by a strain of 1 ton 
in one member will be 

^. 2a I 10a 1 17 



6 * 120 X 15500 ^ 6 ' 80 X 15500 ^ 2232u000' 

and now A = ^~^' = ^rrr^^^ = 0.000000762. 

a 22820000 



fp 



The coefficient of contraction of cast stc6l for a decrease of temperature 
of 80** F. is 0.000527 ; therefore the effect of a compressive strain of 
1 ton in one member of a rib will be equal to the effect of a decrease in 
temperature of 

For our bridge, where the strains in direction of arch vary from 350 tons 
to 600 tons per member, we would have to add to the strains obtained 
by the foregoing calculations the strains caused by decreases in temper- 
ture of 350X0.116=40^.6 F. up to 600X0.116 = 69^.6 F. 

If we had always the same load, we could wholly avoid these addi- 
tional strains in the above indicated manner. For our variable loads 
we can at least reduce them very much by constructing the ribs of such 
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length that they will be brought to the span 2a by a mean compressive 

^ . „ 350 ^"600 ,.. , ^.. ... ... 

strain or ^ =4< D tons per member. 1 his will act like an increase 

of temperature of 475 X 0.116 = 55M F. It will wholly destroy the ad- 
ditional strains for a load on -} of a span, and reduce them for all other 
loads to values not exceeding tlie effects of a change in temperature (in- 
crease or decrease) of 14**. 5 F. The heaviest total strains, and therefore 
also the maxima of required sectional areas are obtained for a movable 
load on J, \ and ^ of span. For these cases the strains in direction of 
arch will not differ from 475 tons per member more than about 60 tons, 
and the additional strains will not surpass the effect of a change in tem- 
perature of GO X 0.110 = 7° F. This effect is very small, and can be 
allowed for in construction by choosing the sectional areas a little larger 
than those given by the diagrams. But even if we neglect it altogether, 
our calculation will still be safe for all degrees of temperature within 
(80* — 7**) = 73* F. above and below the assumed normal temperature 
of 60* F. 

The ratio by which we have to multiply all dimensions for the con- 
struction is given by 

, 0.000527X55.1 ^ ^^,^^« 

1 -h --^ = 1.000363. 

oO 

The loncrth by which the span must be constructed larger than the dis- 
tance between the abutments, is 

2a. 0.000303 = 0.1864 feet = 2.256 inches. 



(45) 



EFFECT OF WIND ON THE SUPERSTRUCTURE. 



The superstructure contains three systems of hracinoj against horizon- 
tal forces, — one between the steel arches, one between the beams of the 
lower roadway, and one formed by the timbers of the upper roadway. 
Each of these systems forms a truss against the wind. 

The first two consist of longitudinal members and diagonal braces be- 
tween them. If we denote by 

q the horizontal force of wind per linear foot taken up by one truss, 
2 a the span of truss, 
X the distance of the centre of a panel from one abutment, 
a the angle between members and diagonals ; 

and if further (as in the calculation of the steel arches) we suppose that 
all strain normal to the truss is taken up by the braces, we get for tiie 
strain S of all the braces in one panel 

sin a 

For a? = a, or for the centre of span, we have 5^=0, and it increases pro- 
portionally to the distance from the centre, and attains its greatest value, 

q — ; for the abutment. 

sin a 

The force of a tornado, tearing up trees, etc., is about 50 pounds to a 

square foot; and we suppose that the superstructure will not oppose to 

the wind more than 40 square feet per foot of length. This gives for 

the whole superstructure 

(/ = 2000 lbs. = 1 ton. 

For safety, we will suppose that the bracing between the arches should 
be able to stand the whole pressure of wind. For this we have 

a = 51°, and ~ = 1.287, say = 13, 

sin a 

a = 259' (half span of centre line of arch), 
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and now for -S' the equation, 



which gives 



5f=rl.3(259 — a:) tons, 



for x = 







336.7 tons 



50' I 100' 

271.7 tons!206.7 tons 



150' I 200' 

141.7 tons! 76.6 tons 



259' 
0, 



Between the two inner lihs each panel has two braces (one between 
upper members, and one between lower members). Between the inner 
and outside ribs the bracing cannot extend farther than about 100 feet 
from each abutment. The bracing of the outside spaces is only between 
the upper members. The total number of braces in one panel is there- 
fore 

4 from a: = to X = 100', 
and 2 from j? = 100' to a: = a. 

If we make the braces of cast steel, and allow 12.5 tons strain per 
square inch (a little more than for the braces in the arches, because such 
a tornado will occur but very seldom), we get the following table, in 
which 

s = the strain on one brace, 
A==ihe sectional area required in one brace. 



X ill feet. 





50^ 


100' 


150' 


200' 


259' 


s in tons 

A in square inches 


84.2 
6.7 


67.9 
5.4 


4 braces 

61.7 
4.1 


2 braces 

1U3.4 

8.3 


70.8 
5.7 


38.3 
3.1 







The truss formed by bracing between the beams carrying the railroad 
tracks is supported at the piers, and at a distance of about 120 feet from 

Fig. 4. 




2sa' 




the piers by the arches, so that the length of this truss is divided into 
one centre span of about 280', and two side spans of 120' each. 

The force of wind to be taken up by this truss will be about 0.4 tons 
per running foot. 
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The angle a is about 57°, and therefore ^ — -= 1.22. 

ala of one paiid will take place at the 



The greatest strain on all il; 
ends of centre span. It will I 



S- 



280 



X 1 .22 X 0.4 = 



8.32 tons. 



We have six di^onals in one panel, of which wo consider three only 

to be efficient at one time," and, if we allow 5 tons per square inch oi 

wrought iron, the greatest ai-ea required for one diagonal will be 

68.32 ^^ . , 

,T- — i = 4.6 square inches. 

At the ends of the side sp.ins of 120 feet, the area required for one diag- 
onal will be 



120 



,- X 1.22 X 0.4 X 3:^5 = 2.0 «qn: 



3 inches. 



The strain on diagonals decreases equally towards the centres of sjwnfij 
whore it becomes = 0. 

All this is calculated under the supposition that the wind comes with 
its maximum force normal to the bridge, and on all parts equally. If 



* Tiie braces, conaisting of snriall round iron, are not able to resist any tonnidcrabk- 
lount of comprpsaion, bo tlial tlic tliree braces bearing (by their direction) leasiU 
■oin, will have to resist the wholfl force. 



\ 
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the wind comes with its maximum force only on one part of the super- 
structure, the strains on diagonals generally will be smaller than above 
calculated, but they will not decrease equally from both sides of spans, 
and will therefore not be = in the centres. The areas towards the 
centres are therefore made a little larger than required for an equally 
distributed wind, 

STRAINS IN THE LONGITUDINAL MEMBERS. 

These members in the first truss against wind (that formed by bracing 
between the ribs) are the arches. For 100 feet from each side of span 
all four ribs are braced together; on the centre piece of 318 feet only 
the inner arches are acting. We shall now consider the centre piece as 
a truss supported freely on both ends, and then calculate the end pieces 
like beams fixed at one end, and carrying an equally distributed load, 
and a load (transmitted from centre piece) on the other end. 

CENTRE PIECE. 

The distance between the inner ribs (supposed concentrated in theii 
centres) is 13 8 feet. The greatest strain, T, in one rib will take place in 
the centre, and is determined by the equation 

1 318^ 
T= Y^-^ X-^-Xq; or, with ^ = 1 ton, 

r= 916 tons. 

END PIECES. 

The distance between centres of outer ribs and inner ribs is 15.1 feet, 
which gives a distance between outer ribs of 2 X 15.1 + 13.8 = 44.0 
feet. 

If T is the strain on one inner rib, and T^ on one outer rib, we have 

For the greatest strains, T,' and 7", at the piers, we nave the equa- 
tion . 

318 ,^^ 100^ 
r.'.44-|. TM3.8 = 9.---.100 + g-7r-> 

r, ' ^44 + 13.8 .^^ = q [15900 -f 5000] ; and, with g = 1 ton, 

During such a heavy tornado the bridge will not be loaded. The 
filrain on one rib (2 members) by the weight of superstructure is about 
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700 tons pressure. By a tornado, this pressure can be increased to 
700 + 916 = 1616 tons per rib, or 808 tons per member; or, diminished 
to 700 — 916 = — 216 tons, which gives for one member a tension of 
108 tons. As the influence of lemperatnre can cause an additional 
strain of about 250 tons tension or compression, we get as maximum 
strains in one member during a tornado 

1058 tons compression, and 358 tons tension. 

Considering that the suppositions we have made above are extreme, 
and that such a tornado will hardly occur once in twenty years, and also 
that the outside ribs and the truss formed by the timbers of upper road- 
way help somewhat to resist the wind, we will allow 15 tons per square 
inch for compression, and 12.5 tons for tension ; and we thus obtain for 
the required area of one member on account of wind, 

against compression, 70.53 square inches, 
against tension, 28.64 square inches. 

As the sectional area of one member, adopted according to the calcu- 
lation for load and temperature for the centio of bridge, is 72 square 
inches, we do not need to take more on account of wind; but in de- 
signing the joints for the middle ribs we have to consider the influence 
of wind, which requires in centre of span 28.64 square inches efficient 
area against tension, while at the same place, by load and temperature, 
no tensile strain can be created. 

The members of the truss under the railroad tracks are formed bv 
longitudinal timbers (^/?, CD^ jE'i^and Gll^'in Fig. 5, p. 47). If we 
call for any panel 

T tlie strain on inner members, CD or EF^ 

Tj the strain on outside members, AJ3 or GJd', we have 

6Q 
T 7* IT • 

'""13.8 + 6.9'>-"^'^' 

and for the centre of middle span, where T and T, attain their greatest 
values, 

0Qf)2 

T, .41.4+ T. 13.8 = -^.0.4, 



r, ^41. 4 + 




7^,= ^^ = 85.2 tons, 
T=~' = 28.4 tons. 
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Allowing 1000 pounds, orO.5 ton compression per square ioch (about 
i of crashing strain of the timber), we get for tlie areas required in 
centre of span, 

for ootside members, 170 sqaare inches, or 12" by 14", 
for inner members, 57 square inches, or 12" by 5". 

For the greatest strains in aide spans, we have the equations, 
'■.= ,4s x'?-'x 0.4 = 15.7 ton., 



and the required areas, 

f )r outside members, 31.4 square inches, or 12" by 2.6", 
for inside members, 10.4 square inches, or li" by 1". 

To prevent trembling from a passing train, these members have been 
drawn 12" by 5" throughout the whole bridge, and the foregoing calcula- 
lalion shows that, on account of wind, the outside members only, near 
the centre of span, must be enlarged to 12" by 14". 

The truss under upper roadway is formed by two layers of planks, each 
2" thick, and lying under an angle of 45° with the direction of the 
bridge, one across the other (as indicated by Fig. 6). The two layers 
are fixed one to the other by spikes, and are on both sides screwed to 
longitudinal timbers. 




For the calculation, wc shall consider the truss na a beam of the 
dimensions shown in the section above. This beam continues through 
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the whole span, but in the centre it is supported by the arches, and we 

520 
therefore assume its free span as -^ =260 feet = 3120 inches. 

Suppose the force of wind taken up by this beam to be 0.5 ton per 

running foot, or — j- pounds per running inch, the moment of inertia of 
the section is, in inches, 

7= lill^l!=i:i?!' = 47755947. 

For the greatest tension or compression (= K) per square inch, we 
have the equation, 

-, 1000 3120' 232 ...„ , 

^= 12- • -r • 47755947 = ^^^'^ P°"°*^'' 

or about xV ^^ the crushing strain of the timber. 
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ABUTMENTS AND PIERS. 



We consider the abutments and piers (masonry laid in horizontal 
courses) as consisting of single plates, a, 6, c, (i, e, . , . with horizontal 

Fig. 7. 



a 



d 



planes at their top and base, lying one above the other, and held to- 
gether only by the friction resulting from the pressure between two 
plates. 
The abutment or pier can give way, 

Ist. By a sliding of the part above a horizontal joint over the part 
below. This will take place, if the horizontal component of 
the resultant of all forces acting on the piece above the joint 
is greater than the vertical component of the same resultant 
multiplied by the coefficient of friction. 

2nd. By an overthrowing of the masonry above a horizontal joint. 
This will take plnce if the resultant'of all forces acting on the 
piece above the joint meets the plane of the joint outside the 
abutment or pier. 

3d. By a crushing of the stone by an excessive pressure per unit of 
sectional area. 

We shall assume that each rib is supported by a strip of masonry of 
the profile of the abutment or pier, and 12 feet wide. The part above 
the spring courses has only to carry its own weight, and we need not 
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examine its stability. But on the part below the spring-line we have 
acting, not only the weight of masonry, but also the forces exerted by 
the 8upei*structure, and the pressure of earth and water surrounding the 
abutment or pier. We shall nesrlect the pressure of earth; for since this 
pressure would act against sliding and overthrowing, neglecting it will 
not diminish the safety of the following calculation. If we do not sup- 
pose that the water can enter into the joints, its pressure will be chiefly 
horizontal, and, acting from both sides, will have no tendency to change 
the value and position of the resultant R. We shall, therefore, neglect 
it in the following calculation. But it is possible that some water 
may come under the foundation, and act from below with a hydrostatic 
pressure, this case will be considered hereafter. 



Fig. 8. 



Y 



X h 




For a horizontal joint AB (Fig. 8), of the width Z, at the depth y be- 
low spring-line XX^ let 

R = the resultant of all forces acting on the masonry above that 

joint, 
F= the vertical component of i?, 
H=i the horizontal component of /?, 
X = the distance of the point C (where R meets the plane AB) from 

a vertical plane, YY^ perpendicular to the direction of the 

bridge, 
a = the angle of H with a vertical line. 
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The coefficient of friction for masonry is about 0.7. 
Then, no sliding will take place in the joint AB^ if 

o.7xF>ja; 

No overturning will take place, if 

X > a, and x<a + /. 

The pressures per sectional unit resulting from R can be obtained 
nearly enough by the following considerations. 

Fig. 9. 




Let DEFG (Fig. 9) be a horizontal section through the piece of ma- 
sonry supporting one rib, and suppose the rib to come against its centre. 
As the resultant of the weight of the single courses lies also in the . 
vertical plane through the centre, we can assume all forces as acting 
in that plane. All pressures, in the section DEFG will therefore be 
symmetrically arranged with respect to the centre line AB, 

Fig. 10. 
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Let Fig. 10 be a vertical section throagh AB (as on p. 53), 
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/ = the width of a course AB Sit the depth y below spring-line, 

^ = the distance of any point / of AJB from -4, 

f,= the distance of the point Cfrom A [^, = a?— a], 

zd^=:z the resultant of all vertical pressures acting on a strip of the 

infinitely small length dc, and extending over the whole 

width of 12 feet. 



Then we have the 


equations 


1 










(I) 


U 








(11) 


*/ 
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Fig, 11. 
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If an elastic plate (MNOP) be pressed against a plane {AB\ by a 
force (Q) perpendicular to AB^ and passing through the centre of 
MNOT^ it is plain that the greatest pressure on AB would be exerted 
in the centre of MN^ and that the forces acting along MN^ if repre- 
sented by ordinates, would form a certain curve, STZ/, symmetrical with 
respect to Q. But the thicker the plate MNOP^ and the more rigid 
the material, the flatter would be that curve, and for a perfectly rigid 
body it would be a straight line, parallel to AB, But if Q should not 



Fig. 12. 
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act in the centre of MN^ the pressures represented by ordinates would 
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give another curve, STU, no longer symmetrical with respect to Q; and 
for a perfectly rigi<l material, STU would be an inclined straight hne. 
As slone ])ossesses great rigidity, we may assume that the distribution 
of the pressures, if laid down in a diagram, will give a straight line; or 
that 2: is a function of ^ of the first degree, such as 

As all forces on the section DEFG (Fig. 9) act in a vertical plane 
through its centre line AB, the pressures along finy line, parallel to DG 
and EF, are constant ; and, tnking a toot as the unit, z represents a force 
equal to the pressure at Z(Fig. 10), acting on 12 square feet. 

With z==7n^-f c, we obtain from equation (I) 

and from (II), 

/8 /« 

From the last two equations we deduce 

m = — j^(/ — 2t,), 

2V 
c = — (2/-3cO, 

and hence, 

(III) z = ir(2/-3=.)-^V-2?.)c. 

We see that the pressure •] Jj"*"^^''a*^eg | ^ov an increasing ? when 

As we assume that no tensile strain can take place, this equation can 
only be used, if between ^ = and ^ = 1, it gives no negative value for 
2. Because 2 is a function of f of the first degree, we have only to ex- 
amine the values Zq for ^ = and 2, for ^ = L One of them is the 
greatest and the other the least value. 

From (III) we have, for ^ = 0, 

(Ilia) z, = ~i2l-^;,), 

which will be negative when ^, >f Z. 
From (III) we have, for ^ = 1, 

(Illb) 2, = 4^(3^-0. 
which will be negative when f i<^^. 
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The equations (HI), (Ilia), and (Illb,) can therefore be used only 
when 

for ^, < \l and f, >f ^ only a part of the bed of the course is efficient. 
The ])ressures z can be represented in these two cases by the ordinates 
of the line BC m Fig. 13 and i>i^in Fig. 14. 

F/g. 13. (I,<W). 




Fig,U. (c,>|0. 




The portion of the course which is sustaining the pressure will have the 
lenffth /. , which we can find in the following manner: 
The conditions of equilibrium give us the equations 

(4) j 'zd^=V{iov^,<\l), (IV) JsJ,- = F (for ^,>|0» 
and 

(5) J \^d^:=V^,{^ov^^<\l), (V) j z^d^ = V^,{foT^,>^l). 

The integrals in equations (4) and (IV) are the areas of the triangles 
ABCy Fig. 13, and DEF, Fig. 14, and therefore 

(4a) z, |=F (fore,<ir), (IV a) Zi^r^^^V (fore,>|0. 

The integrals of (5) and (V) are the static moments of the triangles 
ABC and DEF around the poifit A, As the centres of gravity lie 
at one third of Z, from AB and EF^ we have 
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From (4a) and (5a), and (IVa) and (Va), we get 
(6) /.=3^(forf,<i0, (VI) /,=3(;-^)(fore.>|0, 

and (7) Zo=lT(.^or^,<il), (VII) 2, = ^^ir__ (for ^,>|Z). 

If V is given in tons and I and ^, in feet, z is the vertical pressure per 
12 square feet. To obtain the vertical pressures p iu ponnds per square 
inch, we have 

__2000 

and the pressures in the direction of H (which are the greatest) will be 

P 

cos a' 

The values of FJ 77J x, $, and a depend upon the figure of the abut- 
ment or pier, upon the weight of the material used in it, and upon the 
Ibrces exerted by the superstructure. 

A. Abutments. 

Fig. 15 gives the form and dimensions of the west abutment.* We 
consider a strip of masonry 12' wide, supporting one rib. 

The forces exerted on the abutment by this rib can be regarded as 
consisting of 

a vertical force P through the centre of the base of arch, 
a horizontal force Q through the same point, and 
a moment iVa (or couple of forces). 

Let us now put 

l^=the weight of masonry above the spring-line JTX^ in tons, 
a' = distance of the centre of gravity of the masonry above spring-line, 

from YYy in feet, 
q = weight of 12 cubic feet masonry (1 square foot of section), in tons. 

The horizontal force is constant for the whole pier belo^ the spring- 
line, and we have throughout 



* The east abutment, resting on a pile foundation, has a much larger base than the 
west abutment, which rests immediately on the rock, and no separate calculation as to 
its stability is therefore required. 
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Fia. 15. 




The vertical component V is 
for the spring line -4J7, y=0, , 

between AJB and CD^ 

F=Fo-f-g2/(51.Ujx0.0652/); 

for CJ), 2/=6.33', 

F,= Fo+^(6.33)(51.1 + iX0.065x6.33); 

from (7/> to UJ^, 

F=F, + ?(y — 6.33) [51.5-f2(y— 6.33)]; 
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for EFy y = 6.83', 

F3=F, +9 (0.5) (51.5 + 2x0.5); 
from EF to GH, 

F=F2+9(y — 6.83) [53.5+ 1X0.065(2/— 6.83)]; 
for Gil, y = -29.0', 

F3= V^+q (22.17) [53.5 + 1x0.065x22.17]: 
from Gil to IK, 

>^=^3^-g(y — 29.0)X5«.5; 
forZff; y = 33', 

F4=F3+^X4X58.5; 
from IK to LM, 

F=F4 + (7(y— 33)X61.5; 
forZiW; y = 38', 

F5=F4 + gX5x61.5; 
from LM to NO, 

F=F5 + <7(y— 38)X64.5; 
foriV^O, 2/ = 54', 

Fe=F5 + 5Xl6x64.5. 

For the calculation of x we have the equations : 
For spring-line AB, y = 0, 
a^ = -i[TFa' + i>.62.6 + iVa— QX3.69]; 
from Jj5 to CD, 
-=-^.[F«-o-% + 5/;(51.1 + 0.065y)(lO + ^-l:i>^)^y]; 

or because the batter (=0.065) is but small, nearly enough 

from AB to CJD, 

^ =5>[^^o^»-Qy+?.y(51.1 + iX0.065y) (10+ 51-l + iX0.065y -^J. 

for CD, y = 6.33', 



a;.= ^r^o*o — Q(6-33) 



+ g(633)(51.l4.^X0.065x6.33)(l04. ^^-^^^X7^^X^-^^ )]; 
from CD to Uf , 
*= J,rria;,-Q(y-6.33)+7(y-6.33)[51.5x2(y-6.33)] (lO+^^]; 

ior EF, y=6.83' 

a;,= :^rF.a),-e(0.5)+g(0.5) (51.5+2x0.5) (10+^^)]; 



«3 
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from EF to GIT, 

for Gil, y=29.0', 

+',(22.17) (53.6+ix0.065x22.17)(9+ 53.5+^x0^ 065>^17-^J. 
from (?//to i-ff; 

«= Jr[^'3a'3 -<2(y-29.0)+,(y-29.0) (58.5) (^6+ ^^)]; 
forZZi:; y=33', 
a,,= ^- [r3a;3-<2(4)+g(4x58.5) (^6+ ^)] ; 

from IK to LM, 

X = ^V,x, -Q{y- 33)+ g. (y-33) (61.5) (^3+^)]; 

foriJ^ 2/=38', 

a;. = -i[F,a!,-e(5)+,(5x61.5)(^3+^)]j 

fromiJIftoiV^O, 

!8 =i[F,a!,- e(y-38)+,(y-38) X 64.5X ^1; 

foriVO, y=54', 

= -^£^5^s-«(16)+?(16)x64.5x ^]. 

For ^1 we have the equations: 

from .^i? to CD $i=a; — 10; 

from (7i> to^i^", 4^, =aj— 10 + 2 (y— 6.33); 

from EF to 6r// (inclusive), ^^ = jc — 9 ; 

below ^ZT to Z/r (inclusive), $j=a; — 6; 

below IK to X 2)!/' (inclusive), ^^ = a; — 3 j 

from Zi!f to iV^O, f i = a . 

The angle a is determined by the equation 

H 

tan a= =-. 

The quantity of masonry above the spring-line, for all four ribs, if 
solid; would be in round numbers 



X 
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= ^^ \^^'^ X 53.8x48=127312 cub. feet. 

The cubic contents of the two openings for the passage of the rail- 
roads are 

= 19200 cub. feet. 

Subtracting this from the above number, there remains 108112 cubic 
feet; and we now have for one rib (strip of masonry 12' wide) 

108112 

, = 27028 cub. feet. 
4 

Neglecting the fact that the greater portion of the spring-courses is 
composed of granite (180 lbs. per cub. ft.) and assuming the weight of 
one cub. ft. of the masonry at 160 lbs. =0.075 tons, we have the weight 
of masonry above spring-line, for one rib, 

W= 27028X0.075 = 2027.1 tons. 

The distance of the centre of gravity of that weight from YY is, ap- 
proximately, 

, ^^47.6+51.1 „,^^ 

a' = 10 + ^ = 34.7 feet. 

4 

If we assume for the masonry below the spring-line also a weight of 
150 lbs. = 0.075 tons per cubic foot, we get for q^ 

^ = 1 2 X 0.075 = 0.9 ton. 

The effect of the superstructure is the more dangerous for the abut- 
ment, the greater Qy and the smaller P and Na. 

The greatest value of Q occurs when P also has its gi'eatest value, 
and P will be the smallest when Q has its smallest value. The influ- 
ence of P is only small in comparison with that of §, and therefore it 
will be sufficient to make a computation for the two cases in which 

1. Q has its greatest, and 

2. Na has its smallest (greatest negative) value. 

1. § has its greatest value for a movable load over the whole span, 
combined with the highest temperature. 

The forces exerted on the abutment by the arch are for this case (if 
we suppose all arches having the dimensions of those of central span). 

Horizontal Forces. Vertical Forces. Moments. 

From weight of bridge, .-.652.0 tons .-.259.0 tons .-. — 340 foot-tons 
« movable load, .-.521.6 « .-.207.2 « .-.--272 « 
« temperature, .-.103.6 " .-. 0. .-.—3736 « 

C=1277.2 " P=466.2 « iVa=-^348 << 
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In the following table, the values of F, x, $,, tan a are obtained from 
the form ul SB pp. 59, 60 & 61. 

/ is the width of the {ibiitment in the depth y below spring-line, and 
is determined by the equations: 



from ^7? to CD, I 

from CD to EF, I ■• 

from EF to GIT, I ■. 

below GIIloIK, I 

below ZfiTto LM, I 

below ZJlf to iV'O, I 



51.1 -f 0.065 y; 

51.5-f 4(^ — 6.33); 

53.5 + 0.065 (y — 6.83); 

58.5 ; 

61.5; 

64.5. 



/,, for $1 <|Z and ^,>-|/, is the eflScient length of joint, and is determ- 
ined by equations (6) and (VI) (p. 58). 

/?Q and 'pi are the vertical pressures per square inch on the left and 
right end of the joint, and are obtained from the equations 



/>o = 



2000 

1728 ^'' 



2000 
^' = 1728^" 



z^ and Zi being determined by equations (Ilia) and (Illb) (p. 56), 
respectively by equations (7) and (VII) (p. 58). 

■ ^ and ^ ^ are the pressures per square inch in the direction of 
cos a cos a 

the resultant /?, at the ends of the joint. 

Table I. 



•to 

c 

• IH 



I 





6.33 
6.83 
14.0 
2L0 
29.0 
33.0 
38.0 
46.0 
54.0 



{CD) 

(ef) 



{GH) 

{IK) 

{LM) 

{NO) 



1 


O 




■4^ 

o 


c 


a 


*I-H 


»p-l 


• iH 




u 


^ 
« 


All" 


2493.3 


36.29 


26.29 


2785.6 


33.32 


23.32 


2809.2 


33.11 


24.11 


3155.9 


30.51 


21.51 


3497.4 


2«.50 


19.50 


3891.1 


26.66 


17.66 


4101.7 


25.85 


19.85 


4378.4 


24.89 


21.89 


4842.8 


23.49 


23.49 


5307.3 


22.34 


22.34 



+3 



+3 



••••••• 



••••••• 



61.1 

51.5 

53.5 

53.97 

54.42 

54.90 52.98 

58.5 

61.5 

64.5 

64.5 



....... 



...... I 



D 

m 

fl 



o 

o 



51.6 
80.3 
78.8 
108.8 
137.5 
170.0 
159.4 
153.6 
157.7 
183.0 



D 
© 

P 
O 
P4 



61.4 
44.9 
42.8 
26.5 
11.2 
..... 

2.9 
11.2 
16.1 

7.4 





1 




^ 




© 




^ 




aa 




'T2 




a 









o 




P4 


« 





c3 


^§ 


•+-> 


1 o 


0.512 


58.0 


0.458 


88.3 



D 



0.455 
0.405 
0.365 
0.328 
0.311 
0-292 
0.264 
0.241 



86.6 
117.4 
146.4 
178.9 
166.9 
160.0 
163.1 
188.2 
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2. The Ipast (greatest negative) value of N'a occurs at the highest 
temperature, if f of span measured from the abutment are unloaded, 
and the other | are loaded. Under these circumstances, we have 



Horizontal Forces. 



Vertical Forces. 



Moments. 



From weight of bridge, . •. 652.0 tons .*. 259.0 tons .*. — 340 foot-tons 
" movable load, .-.3811.4 " .-. 68.5 " ..._42G6 



(( 



temperature, 



.-.103.6 « 



0. 



...-_3736 



§=1136.0 " P=327.5 «iV«=— 8342 






For these values, Table II is calculated in the same manner as 
Table I. 

Table II. 






{ATi) 
6.33 {CD) 
G.83 {EF) 

14.0 

2L0 

29.0 

33.0 

38.0 

40.0 

54.0 



{OH) 

{IK) 

{LM) 

{NO) 



m 




-t^ 




4^ 


o 

• Ci 


© 
a 

.i-H 


.i-H 


o 

a 




U 


H 


*o- 


'•^ 


-" 


2354.6 


33.26 


23.26 


51.1 




2646.9 


30.81 


20.81 


51.5 




2670.5 


30.64 


21.64 


53.5 




3017.2 


28.54 


19.54 


53.97 


• • • • • • 


3358.7 


26.94 


17.94 


5442 


53.82 


3752.4 


25.51 


16.51 


5*. 9 


58.53 


3963.0 


24.^7 


18.87 


58.5 


56.61 


4J39.7 


24.10 


21.11 


61.5 




4704.1 


22.98 


22.98 


64.5 




5168.6 


22.06 


22.06 

• 


64.5 


• • ■ « • • 



D 



00 

C 

o 

o 



67.6 
9-5.8 
91.0 
118.2 
144.6 
1 . 3.9 
162.1 
154.8 
157.3 
180.7 



^ 




<D 




CO 

c 
:3 
o 

Si, 




39.0 


0.482 


25.2 


0.429 


24.6 


0.426 


U.O 


0.377 




0.338 




0.303 




0.287 


4.7 


0.268 


11.6 


0242 


4.8 


0.220 



D 

u 

m 

P 
o 



^ o 



/o.l 
102.0 

98.8 
126.3 
152 5 
181.7 
168.7 
160.3 
161.9 
184.9 



D 

u 
o 

m 

S 



o 
p4 



O 



43.3 
27.4 
26.8 
11.8 



4.9 

11.9 

4.9 



We see from Tables I and II that there is no danscer 

V . 

1. Of sliding^ because tan a = — is always <C 0.7 ; 

2. O^ overturning^ because always f ,!>0, and ?i< /; 

3. Of crushing y because the greatest normal pressure is only 192.2 
lbs. per square inch, while the crushing strain of good limestone is 
about 6000 lbs. per square inch. 

For the case when the water comes under the foundation, and acts 
from below with the hydrostatic pressure (which we will assume as act- 
ing on the whdle area of the bottom N'O) we have two kinds of press- 
ures, which together resist the resultant iJg. 
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One of them, the hydrostatic pressure, is equally distributed and ver- 
iical; and its resultant is therefore a vertical force acting upwards in 

the centre of the joint NO, If the height of water above NO be A, the 

h 6.25 
hydrostatic pressure per linear foot of joint will be C= * Xl2, and 

the resultant of it on the whole joint will be 64.5 . C. 

The other kin<l of pressures is exerted on the foundation course by 
the solid materials of the bottom. If we call the resultant of those 
pressures R\ and understand by V\ H\ a?', ^', etc, the same quantities 
for jR'y which F, H^ x, ^, etc., are for i?, we have the equations 

7/=:r^— 64.5Z, H'= ^=Q, 

e/=a:'=l[r,a:.-64.5:.^]. 

For the determination of 2ro', zj^ litPj-i /^Atan a', the equations given 
for Zq^ Zij Zi, &c., can be used by putting V and ^/, instead ot Fand ^j. 

For the highest stage of water, which we assume to be at the 8|)ring- 
line, we have A = 54 feet, and 

^='41^1^X12 = 20.25 tons. 

The greatest Fg we find from Table I to be 5307.3 tons, and with 
that 

F'= 5307.3 — 64.5x20.25 = 5307.3 — 1306.1 = 4001.2 tons. 

^' - ^ = 4000 [!'''■' X 21-90 - 1306.1 X -2-J = Ml72 X ^^^^'^ 

= 18.52'. 

Because ^i'<^, we have 

/,'=.3,-/=55.56', 

,_ 20^ ,__ 2000 2x4001 .2 
^' ~" 1728 • ^* "~ "1728^3X18.52" ' 

= 166.7 pounds per square inch, 

1977 9 

*^"«'=400T2 = «-^19' 

/ 

COS a 

The normal pressure of water is at that depth = ^-^|f. C= 23.4 lbs. per 
square inch. 

For the greatest total pressure at the left end of the joint we now get 
175.0-f 23.4 = 198.4 lbs. per square inch, or about -^^ of the crushing 
strain of the stone. 



P 
and ---^— = 175.0 pounds per square inch. 
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B. Piers. 

The east pier is the higher of the two, and it will be sufficient to 
establish its stability, since all dimensions, except the depth, are the 
same in both piers, and the same external forces act on them. We sup- 
pose for gi'eater simplicity that the two arches are of the same dimen- 
sions. 

We have for the whole part below spring-line XX" 
Further : 

from AB to CD, V =V^+q.y [31.66 + 0.065 y] 

for CD, y = 6.33, F, = Fo+ g(6.33) ^Mj^^M^. 

from CD to jEF, F = F^ + ^ (y — 6.33) [32.5 + 2 (y — 6.33) ] ; 

forjEF, y = 6.83, ^3=^1+ g (0.5) [32.5 + 2 x 0.5]; 

from ER to GH, F = F2+ 9 (y — 6.83) [34.5 + 0.065 (y — 6.83) ] ; 

for Gi/, y=106.83, ^,= ^2+ g (100) [34.5+ 0.065 x 100]; 

from GHto IK. V =F3 + y(y— 106.83 )[56.0+ 0.065. (y-106.83)]; 

for IK, y =r 132, \\^ F.^-f q (25.17) . [56.0 + 0.065 x 25.17] . 

For X, we have, in general, 

^= J.[^o^o-(Qi-Q)y]; 

r being found for any depth by the preceding formulsB. 
For I wc have the equations : 

from AB to CD, Z = 31.66 + 0.13 y; 

from CD to EF, I = 32.50 + 4(y — 6.33) ; 

from EF to GH^ I = 34.50 + 0.13 (y — 6.83) ; 

from GH to IK, I = 56.0 + 0.13 (y — 106.83). 

P'or ^1 we have the equation 

The quantity of masonry above spring-line, for a strip 12' wide, is 

= 18478 cub. feet, 

and the weight of it, Fr= 18478 x 0.075 = 1386 tons. 

As for the abutment, we take q = 0.9 ton. 

Theforces(§i — 0, (P— Pi) and {Na — N^a) have (if positive) a 
tendency to overturn the pier from the right to the left. The force 
(Pi+ P) increases the vertical pressure. 
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Since, for overturning, the influence of (^— P^) is small in com- 
parison with that of {Qi — Q)^ it will be sufficient to make calculations 
for the followins: cases : 



to establish the safety against sliding, 
overturning and crushing on one side; 



1. For the greatest value of ^ 

2. For the greatest value of 

3. For the greatest value of ) to establish the safety against crushing 

{Pi+ P); 5 ^7 ^ too great vertical pressure. 

1. We suppose that the pier has to sustain the thrust of one un- 
loaded arch only, at a high temperature (which case can occur in 
building the bridge, or by an accident). 

We have in this case Q, JP and Na = 0, and 

Q, = 652.0 -f 103.6 = 755.6 tons, 

Pj =259.0 tons. 

iV7,a = — 340 — 3736 = — 4076 tons. 

The following table is calculated for these values in the same man- 
ner as the tables for the abutment. 

Tablk I. 
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Cu 




n3 
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P4 








m4 


•i-i 




o 




a 

c3 
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00 

o 




so 

o 


J>i 


Hi^ 


H 


14.37 


31.66 


•-.» 


76.8 


43.5 


0.459 


84.5 


47.9 


0.00, ^R 1645.0 


1.46 




6.33, CD 1827.8 


3.92 12.3232. 50 




112.3 17.9 


0.413 


121.5 


19.3 


6.83, EF 1842.8 


— 4.10 13.15,;^.4.50 




105.9 


17.7 


0.410 


114.5 


19.2 


31.83 


2655.6 


9.96 


8.92|87.7:)!26.76 


229.7 




0.285 


238.8 




56.83 


3541.6 


12.80 


7.70 41.00'23.10 


354.9 




0.213 


362.9 




81.83 


4500.6 


14.27 


7.86.44.2;)! 23. 58 


441.8 




0.168 


448.0 




106.83, G// 5532.8 


—15.02 


8.73 47.r)0i2().19 


489.0 




0.136 


493.6 




132.00, /AT 6838.5 


14.93;14.70;59.27 


44.101358.9! 


0.110 


361.1 


...... 



2. We get the greatest value of (^JVa -^ J^^a), if on the loft side of 
the pier f of span (measured from the pier) are loaded, and the other 
f of span unloaded and if on the right side f of span, measured from 
the pier, are free of load, and the other |^ are loaded. The influence of 
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temperature acts equally from both sides, and has no effect on the 
part below the spring-line. 

For this case, 



Q, - 


6^2.0 


(weiglifc of bridge) 


+ 380.4 


(load) 


= 1032.4 tons, 


^^ 


259.0 


(( 


+ 68.5 




= 327.5 tons, 


J^,a = 


-340 


u 


-4266 




— —4606 foot-tons, 


Q = 


652.0 


a 


+ 141.3 




= 793.3 tons. 


p = 


259.0 


u 


+ 138.7 




= 397.7 tons, 


JVa - 


-340 


a 


+ 3994 
Table II. 




= -f 3G54 foot-tons. 
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31.66 


0.113 


149.6 
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6.33 (C/»). '2294.0 


5.17 


11.08 32.50 




159.7 


3.7 


0.104 


160.5 


3.7 


6.83 (jB/^) ,2309.0 


—5.19 


12.06 34.50 




147.4 


7.5 


0.104 


148.2 


7.5 


31.83 


3121.8 


—5.75 


13.13 37.75 




183.1 


8.4 


0.077 


183.6 


8.4 


56.83 


4007.8 


5.97 


14.53 41.00 




212.0 


14.3 


0.060 


212.2 


14.3 


81.83 


4966.9 


—6.02 


16.1144.25 




235.9 


23.9 


0.048 


236.2 


24.0 


106.83 (Gf/) 5999.0 


5.98 


17.77 47.50 




256.6 


35.7 


0.040 


256.8 


35.8 


132.00 (IK) 7304.7 


5.74 


23.90 59.27 


225.4 59.8 


0.033 


225. 5 


59.8 



3. The greatest value of (P^+P) takes place if both arches are 
loaded over their whole length. In this case the resultant will always 
act in the vertical centre line of the pier, and the pressure per sec- 
tional unit will be the same over a whole horizontal joint. We have 
for this case, 

(2 = ^^ = 652.0 + 521.6 = 1173.6 tons, 



P =P, = 259.0+207.2 = 
JSTa = JSr^a ^ - 340 -272 = 

We have through the whole pier, 



466.2 tons, 
612 foot-tons. 



a? = 0, 



^1—2' 



tan a = 0. 



2000 V 
1728 ^7* 
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Table III. 



y in feet 



0.00 

6.33 

6.83 

31.83 

56 83 

81.83 

106.83 

132.00 



(AB) 
(CD) 

{EF) 



(GH) 
(IK) 



V 


/ 


P A 


,in tons 


in feet 


pounas 
per " 


2318.4 


31.66 


84.7 


2501.2 


32.50 


89.1 


2516.2 


34.50 


84.4 


3329.1 


37.75 


102.1 


4215.0 


41.00 


118.9 


5174.0 


44.25 


135.3 


6206.2 


47.50 


151.2 


' 7511.9 


59 27 


146.7 



The most dangerous case for the pier is that of Table I. The great- 
est value of tan a is 0.459, therefore perfect safety against sliding. 

The resultant lies always within the body of masonry, therefore no 
danger of overturning. 

The greatest pressure per square inch is 494 pounds, or only about 
y^ of the crushing strain. 

After the completion of the bridge, the case of Table I cannot occur, 
and the greatest value of Qi — Q will take place if one span is loaded 
to its full capacity, and the other unloaded. For this case is 

§1 = 1173.6 tons, Q = 652.0 tons, 

Pi = 466.2 tons, P = 259.0 tons, 

iV^j a = — 612 foot-tons, Na = — 340 foot-tons. 

Table IV is calculated for the^e values. 

Table IV. 
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Wd see thai the greatest possible strain after the bridge is completed, 
is 273 pounds per square inch, or about ^ of the crushing strain of the 
stone. 

For the case in which water comes under the foandation, we have 
for a stage of water at spring-line, with the same notation as on p. 65, 

h =132 feet, 

^ 132x62..5 ,^ ,^.^^ 
C = — 2Q00~ ^ ^^ ^ ^^'^^ ^^"®- 

The efficient upward vertical pressure of the water, on the assump- 
tion that it acts upon the whole base of the pier, is simply the weight 
of a volume of water equal to that of the submerged part of the pier. 
The weight of this part of the pier at 150 lbs. per cubic foot is 5193.5 
tons (= difference of first and last values of V of the first column of 
our tables); and the weight of the same volume of water is 

5193.5 X ^ = 2164 tons, 
loO 

and the resultant downward pressure at the bottom course is 
V = 6838.5 — 2164 = 4674.5 tons, 

x^ = ] X 6838.5 X (- 14.94) = - 21.86 ft., 
4'o74.oo 

^,' = 29.64 — 21.86 = 7.78 ft., 

, 2000 2x4674.63 _-^ , . , 

Po = j^-^ X 3 X 7 ~78~ ^ pounds per square inch. 



^^ , = 469.6 pounds per square inch. 

cos a All 

The greatest normal pressure at the left end of the foundation course 
will be 

469.6 +f^. C = 469.6 -f 57.3 = 526.9 pounds per square inch, 

or about -^ of the crushing strain of stone. 

Effect of the Current and of Wind on the Piers, 

For the horizontal impact of an unlimited stream, Weisbach gives 
the formula, 
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in which 

P = the horizontal force (impact) exerted by the water on a body 

obstructing its current, 
'F= the area opposed to the current (= greatest section of the 

obstructing body, taken at right angles to the current), 
V =the velocity of the stream, 
f = the density of water, 
g = the force of gravity, 
C = a coefficient depending upon the form of the bod}', and to be 

determined by experiment. 

If we take for units the foot and the pound, we have 

^ = 32.1()6 feet, 
y = 62.5 pounds. 

At the place where the western pier will stand, we found the bottom 
as follows: 

April 2, 1867, stage of water 18.6 ft. below Directrix, bottom 50 ft. below Directrix. 
June 2, 1867, " " 7.6 ft. " " 68 ft. " 

Nov. 28, 1867, " •* 28.4 ft. " " 50 ft. 



(( (( 



On the 2d June, when the water was 7.6 feet below Directrix, or 
11 ft. above the stage of 2d April, the bottom had been washed out 18 
ft. deeper. But the water may again rise 15.18 ft. higher, and equal 
the flood of 1844, which was 7.58 ft. above the Directrix. It will 
therefore be no unreasonable supposition to assume the greatest possi- 
ble scouring in the open river as 50 feet below the ordinary bottom, 
and if the river is confined between abutments, and obstructed by 
piers, it will not be too much to assume a possible scouring to a depth 
of 60 feet below the ordinary bottom. Accordingly, we can get a 
maximum depth of water for our piers of nearly 120 feet. For the 
calculation, we shall assume the highest stage of water at spring-line 
(8.5 ft. above Directrix) and the bottom of the river at 120 ft. below 
spring-line. For simplicity, we shall also neglect the offset at the line 
GHj Fig. 16, and suppose the batter (= 0.065) to extend unbroken to 
the bottom. 

The normal sectional area, F^ of the obstruction is then, in round 
numbers, 

F= ^(49 + 34) 120 = 4980 square feet. 

The greatest velocity of the current, at the highest stage of water is 
12.5 ft. per second, neasured 3 ft. below the surface. With a greater 



ABUTMENTS AND PIERS. 73 

depth, the velocity decreases, but in the upper regions very slowly, 
and for safety we will take throughout 

w = 12.5. 

For a prism of the length / in the direction of the current, and tho 
section F normal to it, Weisbach gives 

for — =,= 0, 1, 2, 3, / according to experiments of Buat 
C=1.86 1.47 1.35 133) ^"^ Duchemin, 

and according to Borda, the impact on a cylinder perpendicular to its 
axis is about one half of the impact on a parallellopipedon of the same 
dimensions. 

As the horizontal section of our piers has semicircular ends, we 
can apply to it without much mistake the rule for a cylinder. 

The average length of piers (in the direction of the current) is 
about 90 feet, and we have 

I 90 90 -^ 

= =777, = J .u. 



y/F v'^OSO 70.6 

Our C would therefore be between \ x 1.47, and \ x 1.35, and wo will 
assume 

C = 0.71, 
with which we find 

P = 0.71 X ^ ^^ll^m ^ ^^^^ ^ ^^'^ pounds, 
= 536750 pounds, = 268 tons. 

Considering the increase of width of pier with greater depth about 
equivalent to the decrease of velocity of current, we may assume tho 
resultant P acting at a distance of 60 ft. below the spring-line. 

There is no danger of sliding by the impact of the stream, for the 
weight of masonry above spring-line alone amounts to more than 
8000 tons. 

The pressure of a tornado, tearing up trees, etc., can be assumed to 
be 50 pounds per square foot. Such a tornado coming downwards at 
tho highest stage of water will act at the pier on an area of 

[11.7 + 15.83] 63.5 = 1748 square feet, 

and its force on the pier will be 

1748 . 50 = 87400 pounds =43.7 tons. 

The action of wind on the superstructure can take place on 40 
square feet per running foot, which gives a force of 1 ton per running 
foot. On one pier comes tho pressure for one span of 515 f^jet, or 515 
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tor.8. This force is exerted partly at the top of the pier, partly at the 
height of the lower roadway, and partly at the spring of the arch. 
We will assume the resultant at 30' above the spring-line. The result- 
ant of the horizontal pressure of the wind against the pier can also 
nearly enough be assumed at 30' above the spring-line, and the whole 
' effect of wind on the pier can be represented as a horizontal force of 

615 + 44 = 559 tons, 

at 30' distance above spring-line. 

The quantity of masonry in one pier above CD is in round num- 
bers, 

= 110000 cub. feet. 

and its weight will be — r— = 8250 tons. 

The quantity of masonry between CD and the bottom is 

= 368000 cub. feet, 

and it3 weight will be — — = 27600 tons. 

Total weight of pier above the bottom= 35850 tons. 
The weight of superstructure resting on one pier (259 tons per rib) 
is 8 X 259 = 2072 tons. 
The total vertical force on the piece above the bottom is 

F= 35850 + 2075 = 37925 tons, 

acting in the centre line of the pier. 
The horizontal force is 

If = 268 (impact of gtream) -f 559 (force of wind) = 793 tonS. 

The distance, a?, of the point where the resultant, J?, of V and R 
meets the bottom-plane, from the centre of the pier, is determined by 
the equation 

x= 1 [268 X 60 + 559 x 150] = '^^^^+/f^^ = 2.64. ft. 

The small amount of x in comparison with the length of the pier, 
shows that the pier could stand much greater horizontal forces with- 
out the least danger. 

Effect of Ice, 

We have to distinguish between two cases, 

1. A heavy mass of ice comes down the river with a certain velocity 
and acts on the pier with an impact. 
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2. A gorge is formed above the piers and supported by them, and, 
in consequence of it^ the river above rises, and acts on the gorge, and 
thus on the piers, with a hydrostatic pressure 

L IMPACT OF ICE. 

The ice often moves oif in fields as large as 500 by 1000 feet in area, 
and 12 to 14 inches thick. The velocity of such great masses of ice 
probably never exceeds 3 feet per second. 

We shall assume that a field of ice, of 500000 square feet area and 
1.2 feet thick, comes with its centre against a pier with a velocity of 3 
feet per second, and that the pier resists with its whole width (which 
will occur if the ice has an excavation fitting to the pier, or if the first 
ice has been crushed). We now put 

w = the weight of one cubic foot of ice in pounds = 55, 
Tr=the weight of the whole field of ice =33000000 pounds, 

g = the force of gravity = 32.166 feet, 

b = the width of pier at the height of the ice = 38 feet (the ice 
generally comes no higher than 24 feet below Directrix), 

d = ihe thickness of the ice = 1.2 feet, 
P =r the horizontal resistance exerted by the pier, 

8 = the linear motion of the ice during a time, i, after the first 
contact, 

V = the velocity of the ice at the end of the time /. 

The resistance of the pier necessary to bring the ice to rest instant- 
aneously would far surpass the crushing strain of ice ; therefore the 
ice at the pier will be crushed, and the pier will cut for some distance 
into the ice. The work done by P, during an infinitely small time, di^ 
in which W moves through a distance, ds, and the velocity of W is 

brought to t; 4- dv, is Pds, By this the velocity, v, of a mass,- bdds^ 

rW w 1 
was wholly destroyed, and the velocity, v, of the mass, bds L 

has become v + dv. We have therefore the equation, 

Pf?5 = — ^bds \vdv + bd.^-zz ds; 

from which, since 

vdv ds dv dv 

ds '~ dt' d^~~ dt* 
we deduce, 



rW w ^."^dv 



W 



bds -7- + ^^s--«S 



g g _\dt^ 2.g 



;*%' 



. 1 






^- 









V 



. M 



\^\^^^X . S^^^. '\ V\ ■ - . \ . ., .' 



•\\ .-. \)\>yNV 



""i 






v\** 



-;>• 






li 



ri 









./ 






/ 



^ 

.* 



>^' 



















--^-^ 



<^\ 



V '\ 



\ 



\ 






X^'T 






76 ABUTMENTS AND PIERS. 

or, 

dv__ _ 2(7 

dt" W w^ , • 
bds 

If Jc is the crushing strain of ice per square foot, P will be always 
greater or equal to bd.ky and we can put 

where p depends upon the velocity v, and is derived from the circum- 
stance that the particles of ice which come in contact with the pier 
must not only be crushed, but also brought to rest immediately. We 
have, therefore, the equation, 

bdpd8 = bdd8, rr-v\ or, « = -— v* ; 
and hence, 

dv bdk 

di "" W ^^77 * 

bds 

9 9 

If we assume the crushing strain of ice to be as great as that of 
brick, = 600 pounds per square inch, we have 

k = 600 X 144 = 86400 pounds per square foot ; 

and for v = 3 feet, the greatest value of P, 

(maxO P= 38x1.2 ["86400+^^^2 ><^1 = ^^^^^•*^+^^l=^^^^^^l 1^^ 

= 1970 tons. 
Further, 

dv 38 X 1.2 X 86400 30.39«40 



dt 38000000 55 1025928 — 77.9b8.ii' 

32.166 32166^ ^ 

, dv 3939840 ♦ 

or very nearly, ^=-.^-^-^^^g =-3.84. 



By integration we get 



da 
v^^^ 3,84/+ro, 

5 = Vq ^ — |X 3.84^2 . 



* Exact for s = 0, or the beginning of the impact. 
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and if we call 



t^ tho time in which the ice is brought to rest, and 

8 1 the distance which the pier enters into the ice, we got 

o 

^, = --— = 0.78 seconds ; 

o.o * 

= 1.17 feet. 

The horizontal force P, which the pier has to stand by the impact 
of ice, is so small in comparison with the effect of load, ihat its stabil- 
ity is established without further calculations. 

2. EFFECT OF A GORGE OF ICE. 

If we assume that the ice may at some lime bo gorged to such an 
extent as to cause the sand to be cut away to the rock between tho 
piers, the pressure of this gorged ice against the piers, and its tend- 
ency to move them down stream or overturn them, will be only equiv- 
alent to the hydrostatic pressure due to the difference between tho 
level of the water immediately above and below tho bridge. If it 
were possible for this difference to equal 10 feet, the pressure exerted 
would then be 

.- 10x62.5 -,.. , r ^ . 

10 X jz = 312d pounds per linear foot. 

If the gorge is resting against the piers, one pier has to support a 
length of 515('»pan) + 37.5 (pior) = 552.5 feet, or the pier has to stand a 
horizontal force of 

3125 X 552.5= 1726562.5 pounds, 

= 863 tons. 

As the weight of masonry above spring-line alone amounts to more 
than 8000 tons, this force will not be dangerous to the stability of thf* 
pier. 
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